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PUBLICATION DISSERTATION OPTION 
The body of this dissertation has been compiled in the format for publication in 
peer-reviewed journals. Five papers have been included in the following order. The first 
paper, “Effect of Process Variables on the Microstructure of Hollow Hydroxyapatite 
Microspheres Prepared by A Glass Conversion Method,” was published in Journal of the 
American Ceramic Society in 2010, Volume 93, Issue 10, pages 3116?3123. The second 
paper, “Effect of Pyrophosphate Ions on the Conversion of Calcium-Lithium-Borate 
Glass to Hydroxyapatite in Aqueous Phosphate Solution,” was published in Journal of 
Materials Science: Materials in Medicine in 2010, Volume 21, pages 2733?2741. Paper 
number three titled “Hollow Hydroxyapatite Microspheres as a Device for Local 
Delivery of Proteins,” was published in Journal of Materials Science: Materials in 
Medicine in 2011, Volume 22, pages 579?591. The fourth paper, “Evaluation of Protein 
Release Behavior from Hollow Hydroxyapatite Microspheres into PEG Hydrogel,” was 
submitted to Materials Science and Engineering C.  The fifth paper, “Evaluation of Bone 
Regeneration in Implants Composed of Hollow HA Microspheres Loaded with TGF–?1 
in a Rat Calvarial Defect Model” was prepared for submission to Acta Biomaterialia.  
One paper not included in the main body of the dissertation is given in the 
appendix. Titled “Long-term Conversion of 45S5 Bioactive Glass–Ceramic Microspheres 
in Aqueous Phosphate Solution,” the paper was accepted for publication in Journal of 






Hollow HA microspheres were prepared by converting Li2??CaO?B2O3 glass 
microspheres in a K2HPO4 solution. Process parameters, such as reaction temperature 
(25???60?C) and concentration of the phosphate solution (0.02?0.25 M) significantly 
influenced the microstructure of the hollow HA microspheres. Microspheres with the 
largest hollow core size were obtained at lower temperature or with low K2HPO4 
concentration. In comparison, microspheres with high surface area (~140 m2/g) were 
obtained at higher K2HPO4 concentration (0.25 M). Upon heat treatment (up to 900?C), 
the surface area of the hollow HA microspheres decreased (from ~100 m2/g to ~2 m2/g), 
and the rupture strength increased (from ~11 MPa to ~30 MPa). The release kinetics of a 
model protein, bovine serum albumin (BSA) from the hollow HA microspheres were 
evaluated in two different media, phosphate-buffered saline (PBS) and poly(ethylene 
glycol) (PEG) hydrogel, used to mimic different environments in vivo. Implants 
composed of individual hollow HA microspheres or three-dimensional (3D) scaffolds 
composed of hollow HA microspheres were evaluated for their ability to regenerate bone 
in non-healing rat calvarial defects. The individual microspheres showed better ability to 
regenerate bone than the 3D scaffolds. Larger microspheres (150?250 µm in diameter) 
showed better ability to regenerate bone than smaller microspheres (106?150 µm). 
Loading  the  hollow  HA  microspheres  with  transforming  growth  factor-?1  (TGF-?1) (5 
µg/defect) enhanced bone regeneration in the implants after 6 weeks. The results indicate 
that implants composed of hollow HA microspheres could potentially be used as an 
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1. PURPOSE OF THIS DISSERTATION 
The purpose of this Ph.D. research was to prepare and evaluate hollow 
hydroxyapatite (HA) microspheres as an inorganic system for local growth factor 
delivery in the regeneration of hard tissues. HA is the main inorganic constituent of 
human bone. Synthetic HA has several attractive properties as a scaffold material for 
bone regeneration. It is biocompatible, bioactive, and osteoconductive, with a proven 
ability to support bone regeneration and to bond to surrounding tissue. Composed of the 
same ions as the mineral constituent of bone, HA produces no systemic toxicity or 
adverse immunological reaction. In the present work, hollow HA microspheres were 
produced by a glass conversion process developed elsewhere. The HA microspheres had 
a hollow core and a mesoporous porous shell wall. In addition to their biocompatibility 
and osteoconductivity, these hollow HA microspheres can potentially provide a device 
for local growth factor delivery in the regeneration of bone. 
The first phase of this study determined the process variables that controlled the 
microstructure of the hollow HA microspheres formed by the glass conversion process. 
Once hollow HA microspheres could be prepared reliably and reproducibly, the next 
phase of the study was to evaluate their biocompatibility, their ability to serve as a device 
for protein delivery in vitro, and their ability to regenerate bone in a standard bone defect 
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Solid microspheres (diameter = 106–150 µm) of a Li2O–CaO–B2O3 glass were 
reacted in a K2HPO4 solution to form hollow hydroxyapatite (HA) microspheres. The 
effect of the temperature (25–60?C), K2HPO4 concentration (0.01–0.25M), and pH (9–
12) of the solution on the diameter (d) of the hollow core normalized to the diameter (D) 
of the HA microspheres, the surface area, and the pore size of the microsphere wall was 
studied. The statistically significant process variables that influenced these 
microstructural characteristics were evaluated using a factorial design approach. While 
the pH had little effect, the concentration of the solution had a marked effect on d/D, 
surface area, and pore size, whereas temperature markedly influenced d/D and pore size, 
but not the surface area. The largest hollow core size (d/D value ? 0.6) was obtained at 
the lowest temperature (25?C) or the lowest K2HPO4 concentration (0.02M), while 
microspheres with the highest surface area (140 m2/g), with pores of size 10?12 nm were 





potential application of these hollow HA microspheres as devices for local delivery of 
proteins, such as drugs or growth factors, are discussed.  
 
1.2  INTRODUCTION 
Over the past few decades, there has been considerable interest in the 
development of controlled delivery devices for local delivery of proteins such as drugs or 
growth factors [1]. A controlled-release system consists of a biologically-active agent 
(e.g., protein) in a carrier material (commonly a polymer or ceramic). The objective of 
the controlled-delivery device is to provide a means for local delivery of the protein to 
the target site at concentrations within the therapeutic limits and for the required duration. 
Because the delivery device is implanted, injected, or inserted into the body, the 
biocompatibility and toxicity of the carrier material are of critical importance.  
Natural and synthetic biodegradable polymers have found wide application as 
carrier materials for protein delivery [2]. The delivery systems include microspheres, 
hydrogels, and three-dimensional porous scaffolds [3, 4]. These polymers degrade in 
vivo, either enzymatically or nonenzymatically, to produce biocompatible or nontoxic by-
products along with progressive release of the dispersed or dissolved protein. Natural 
polymers and their derivatives in the form of gels or sponges have been used extensively 
as delivery vehicles.  In particular, collagen is a readily available extracellular matrix 
component that allows cell infiltration and remodeling, making it an attractive delivery 
system for protein growth factors [5, 6].  Biodegradable synthetic polymers, such as 
poly(lactic acid), and poly(glycolic acid), as well as their copolymers, poly(lactic 





available, they can be prepared with well-controlled, reproducible chemical and physical 
properties [2–4, 7]. They are also among the few synthetic biodegradable polymers 
approved by the Food and Drug Administration for in vivo use.   
Inorganic (bioceramic) materials which have been utilized as carriers for protein 
delivery consist primarily of ?-tricalcium phosphate or hydroxyapatite (HA).[1] These 
materials, composed of the same elements as bone, are biocompatible and produce no 
systemic toxicity or immunological reactions. The delivery systems typically consist of 
porous particles, granules, or substrates in which the protein is adsorbed or attached to the 
surfaces of the porous material, or encapsulated within the pores. [8–11] Hollow HA 
microspheres (diameter = 1500–2000 µm), consisting of a hollow core and a mesoporous 
shell, have been prepared by coating chitin microspheres with a composite layer of chitin 
and HA, followed by thermal decomposition of the chitin and sintering of the porous HA 
shell. [12]  
Day and Conzone [13] invented a process for the preparation of porous phosphate 
materials with high surface area by converting borate glasses with special compositions 
in an aqueous phosphate solution near room temperature. [14, 15] This process is shown 
schematically in Fig. 1, using as an example the conversion of a Li2O?CaO?B2O3 glass 
in the shape of a sphere to form HA. In the conversion process, Ca2+ and other ions are 
released as the glass dissolves, while (PO4)3– and OH– from the solution react with Ca2+ 
ions to form an amorphous calcium phosphate (ACP) layer on the glass surface. The 
glass core continues to dissolve as the ACP converts to HA, until finally a fully reacted 





feature of the process is that it is pseudomorphic, so the HA product retains the same 
external shape and dimensions of the starting glass object. 
Wang et al. [16] reacted solid glass microspheres (106?125 µm) with the 
composition (wt%) 4.7Li2O, 13.2CaO, 82.1B2O3 in 0.25 M K2HPO4 solution for 5 days 
at 37?C and pH = 10.0?12.0. They found that the product consisted of hollow 
microspheres of a calcium phosphate material, which, on heating for 4 h at 600?C, 
converted to HA. Huang et al. [17] prepared hollow HA microspheres by reacting glass 
microspheres with the composition 10Li2O, 10CaO, 80B2O3 (wt%) for 5 days 
(microsphere diameter = 106?125 µm) or 14 days (microsphere diameter = 500?800 µm) 
under similar conditions used by Wang et al. [16] They measured the surface area of the 
smaller HA microspheres (135 m2/g) and the rupture strength of the larger HA 
microspheres (1.6 MPa), and studied the effect of heat treatment on the surface area and 
rupture strength. Heating the as-prepared HA microspheres for 8 h at 600?C and at 800?C 
resulted in a marked decrease in surface area and a sharp increase in strength.      
The objective of this work was to comprehensively evaluate how the process 
parameters influence the microstructure of hollow HA microspheres prepared by reacting 
Li2O?CaO?B2O3 glass microspheres in an aqueous phosphate solution. In contrast to 
previous studies that used only a single set of reaction conditions, [16, 17] we used a 
factorial design approach to evaluate the statistically significant process variables, which 
influenced the microstructure of the HA microspheres. The effect of the K2HPO4 
concentration (0.02?0.25 M), temperature (25?60?C), and pH (9?12) of the solution on 
the diameter of the hollow core and surface area of the HA microspheres, as well as the 





between the process parameters and the resulting microstructure is vital for the 
preparation of hollow HA microspheres with characteristics optimized for potential 
application as carriers for controlled protein delivery.  
 
1.3  EXPERIMENTAL PROCEDURE 
1.3.1 Preparation of Hollow HA Microspheres.  
Borate glass, with the composition (wt%): 15CaO, 10.63Li2O, 74.37 B2O3, 
designated CaLB3-15, was prepared by melting reagent grade CaCO3, Li2CO3 and 
H3BO3 (Alfa Aesar, Haverhill, MA) in a Pt crucible at 1200ºC for 45 min, and quenching 
between cold stainless steel plates. This glass composition was used because it had been 
shown in previous work to produce hollow HA microspheres by the glass conversion 
process. [14] Particles of size 106?150 ?m were obtained by grinding the glass in a 
hardened steel mortar and pestle, and sieving through 100 and 140 mesh sieves. Solid 
glass microspheres were obtained by dropping the crushed particles down a vertical tube 
furnace at 1000?C, as described in detail elsewhere. [14]  
Hollow HA microspheres were prepared by reacting the glass microspheres with 
K2HPO4 solution for 2?7 days. In all the experiments, 1 g of glass microspheres was 
placed in 200 ml solution, and the system was gently stirred continuously. A range of 
temperature (25, 37, and 60?C), K2HPO4 concentration (0.02, 0.10, and 0.25 M), and pH 
(9 and 12) of the solution was used to study the effect of these process variables on the 
microstructure of the synthesized HA microspheres. Upon completion of the conversion 





anhydrous ethanol to displace residual water, dried for at least 12 h at room temperature, 
then for at least 12 h at 90oC, and stored in a desiccator before being characterized. 
1.3.2 Factorial Design of Experiments.  
An approach based on factorial design of experiments was used to evaluate the 
statistically significant process variables that influenced the microstructure of the hollow 
HA microspheres. The three process variables investigated were the temperature of the 
conversion reaction, the K2HPO4 concentration of the phosphate solution, and the pH 
value of the solution. Each of these variables was set at two levels, as shown in Table I. 
The factorial design required eight sets of experimental conditions, which were carried 
out in a random order given in Table II. The microstructural properties evaluated in the 
experiments were specific surface area (SSA), pore size, and the ratio of the hollow core 
diameter (d) to the external diameter (D) of the hollow HA microspheres. Analysis of the 
data to determine the statistically significant process variables that influenced these 
microstructural characteristics was performed using the software package Minitab 15.1 
(Minitab Inc., State College, PA).  
1.3.3 Characterization of Hollow HA Microspheres.  
The phase composition of the as-prepared HA microspheres was checked using 
X-ray diffraction, XRD (D/mas 2550 v; Rigaku; The Woodlands, TX) and Fourier 
transform infrared (FTIR) spectroscopy (Model 1760-X; Perkin Elmer, Norwalk, CT).  
XRD was performed using Cu K? radiation (? = 0.15406 nm) at a scan rate of 1.8? /min 
in the 2? range 20–70°. The HA microspheres were ground to a powder for the XRD and 





(resolution = 8 cm–1). A mass of 2 mg of the powder was mixed with 198 mg KBr, and 
pressed to form pellets for the FTIR analysis. 
The microstructure of the external surface and the cross section of the HA 
microspheres was observed using scanning electron microscopy (SEM) (S-4700; Hitachi, 
Tokyo, Japan), at an accelerating voltage of 10 kV and working distance of 12 mm. The 
diameter of the hollow core and the external diameter of the microspheres were 
determined from at least five measurements for each group of microspheres. Local 
composition of the external surface and across the wall of the microspheres was 
determined using energy dispersive X-ray (EDS) analysis in the SEM, with an electron 
beam spot size of 1 µm. X-ray mapping in the SEM was used to analyze the elemental 
distribution across the cross section of the HA microspheres. 
The SSA of the hollow HA microspheres and the pore size distribution of the 
microsphere wall were measured using nitrogen adsorption (Autosorb-1; Quantachrome, 
Boynton Beach, FL). Before the measurement, a known mass of HA microspheres (in the 
range 300–500 mg) was weighed, and evacuated for 15 h at 120°C to remove adsorbed 
moisture.  The volume of nitrogen adsorbed and desorbed at different relative gas 
pressures was measured and used to construct adsorption–desorption isotherms. The first 
five points of the adsorption isotherm, which initially followed a linear trend implying 
monolayer formation of adsorbate, were fitted to the  Brunauer–Emmett–Teller equation 
for the determination of the SSA. [18] The pore size distribution was calculated using the 
Barrett–Joiner–Halenda method applied to the desorption isotherms. [19] The surface 






1.4  RESULTS  
1.4.1  Geometry and Composition of Converted Microspheres.  
Figure 2 shows SEM images of CaLB3-15 glass microspheres (Fig. 2a), and the 
surface of a converted microsphere formed by reacting the glass microspheres for 2 days 
in 0.02 M K2HPO4 solution at 37?C and pH = 9.0 (Fig. 2(b) and (c)). The converted 
microspheres had a porous, nanostructured surface with a plate-like particle morphology 
(Fig. 2(c)). Measurement of the microsphere diameter from SEM images showed no 
significant difference between the average diameter of the starting glass microspheres 
and that of the converted microspheres, confirming that the conversion reaction was 
pseudomorphic. [14?16]  
XRD patterns of the starting glass microspheres and the converted microspheres 
formed by reacting the glass microspheres for 2 days in 0.25M K2HPO4 solution at 37?C 
and 60?C and pH = 9 and 12 are shown in Fig. 3. The starting CaLB3-15 glass had a 
diffraction pattern with no measurable peaks, typical of an amorphous glass. On the other 
hand, the patterns of the converted microspheres contained peaks that corresponded to 
those of a reference HA (JCPDS 72-1243), confirming the formation of the HA phase. 
The fairly broad width of the peaks in the XRD patterns may indicate that phases were 
poorly crystallized, or consisted of nanometer-sized crystals, or a combination of both.  
Figure 4 shows FTIR spectra of the starting glass microspheres and the converted 
microspheres prepared under the conditions described above for the XRD analysis. The 
spectrum of the as-prepared glass was similar to that of a binary Li2O?3B2O3 glass, [20, 
21] consisting of two broad resonances, at 600–750 and 1200–1600 cm–1, which 





centered at ?975 cm–1 corresponded to the vibration of tetrahedral BO4 groups. The most 
dominant resonances for the converted microspheres were the phosphate v3 resonance, 
centered at ?1040 cm–1, and the phosphate v4 resonance, with peaks at ?605 cm–1 and 
560 cm–1, which are associated with crystalline HA. [22, 23] These FTIR spectra 
provided further evidence that the converted microspheres consisted of HA. Additional 
resonances in the spectra of the conversion products included a weak shoulder at ?962 
cm–1 corresponding to the phosphate v1 band, [24] and a resonance at ?878 cm–1 
corresponding to the vibrations of CO32– ions substituting for PO43– ions in the HA 
lattice. [24]  
The XRD and FTIR patterns of the converted microspheres formed under the 
remaining conditions summarized in Table II were generally similar to those described 
above, and they are omitted for the sake of brevity. Together, the XRD and FTIR 
analyses showed that the converted microspheres had a phase composition corresponding 
to that of HA. 
A back-scattered SEM image of the polished cross section of a microsphere 
formed at 37°C in 0.02 M K2HPO4 solution with a pH = 9.0 is shown in Fig. 5a. The 
cross section was prepared by vacuum impregnation of the as-prepared microspheres 
with epoxy resin, followed by grinding and polishing. This image (as well as other 
similar images not shown) confirmed that the HA microspheres were hollow. X-ray maps 
of Ca(K) and P(K) across the section (Fig. 5(b) and (c)), showed that the microsphere 
wall was composed of Ca and P, which is consistent with the formation of HA as 





Examination of the cross section at higher magnification in the SEM showed that 
the HA microsphere wall was not homogeneous in structure. Instead, it consisted of at 
least two distinct layers. An SEM image (Fig. 6(a)) of the cross section of a hollow 
microsphere prepared by reacting glass microspheres for 48 h in 0.02M K2HPO4 solution 
at 37?C and pH = 9.0 showed that the microsphere wall consisted of two layers.  The 
denser surface layer (Fig. 6(b)) was 3?5µm thick, whereas the remainder of the 
microsphere wall consisted of a more porous microstructure (Fig. 6(c)). The factors 
responsible for this layered structure of the microsphere wall are not clear. Experiments 
are currently underway to provide a clearer understanding of the formation of this layered 
structure, and the results will be reported in a subsequent publication.  
1.4.2  Statistical Significance of Process Variables.  
As described earlier, a factorial design approach was used to identify the process 
variables (temperature, concentration, and pH), which had a statistically significant effect 
on the microstructural properties (d/D, surface area, and average pore size) of the hollow 
HA microspheres. The results are shown in the form of Pareto charts (Fig. 7), which 
provide a useful graphical tool for illustrating the magnitude and significance of an effect. 
The chart displays, in decreasing order, the absolute value of the standardized effect of 
the variables (X-axis), together with a reference line giving the level of significance, 
taken as p = 0.05 in this work. An effect that extends past this reference line is 
statistically significant. In the present analysis, two-way interactions between the process 
variables, as well as three-way interactions among the variables were also considered.  
The most dominant factor influencing the surface area of the hollow HA 





between the reaction temperature and the concentration had a significant effect on the 
surface area. Surprisingly, temperature by itself did not have a significant effect on the 
surface area. The interaction among temperature, K2HPO4 concentration, and pH was not 
found to have a significant effect. Temperature and concentration each had a significant 
effect on the ratio (d/D) of the hollow core diameter to the microsphere diameter (Fig. 
7(b)) and on the average pore size (Fig. 7(c)). 
1.4.3  Relationships Between Process Variables and Microstructural 
Characteristics.  
Contour plots were selected to show the main effects of the individual process 
variables and combinations of these variables on the microstructural characteristics of the 
hollow HA microspheres. The plots in Fig. 8 show the variations in the SSA, average 
pore size, and the d/D ratio with changes in two process variables, while holding the third 
variable constant. The constant values of the third variable were temperature = 37?C, 
K2HPO4 concentration = 0.25 M, and pH = 9, respectively. The results in these plots 
could be used to identify optimized solution conditions for preparing hollow HA 
microspheres with a given set of microstructural characteristics.  
Inspection of the plots in Fig. 8(a) shows that high surface area (> 130?140 m2/g) 
can be achieved by using higher K2HPO4 concentration (0.25M) or using a combination 
of higher concentration (0.25M)  and higher temperature (60ºC). Figure 8(b) shows that 
the diameter of the hollow core (or the d/D ratio) increased with decreasing temperature 
or with decreasing K2HPO4 concentration. Increasing temperature produced a reduction 
in the pore size, whereas increasing K2HPO4 concentration produced an increase in the 





temperature (37?C) and higher concentration (0.25M). A change in pH of the solution, 
between 9.0 and 12.0 had little effect on the microstructural characteristics.  
1.4.4 Diameter of Hollow Core.  
The diameter (d) of the hollow core of the HA microspheres, (or the d/D ratio) is 
of particular interest because it determines the amount of a substance that could be 
encapsulated within the hollow core of the microsphere. Based on the factorial design 
approach, two additional sets of experimental conditions were used (designated as Runs 9 
and 10 in Table II) to provide further information on the dependence of d/D on the key 
process variables of temperature and K2HPO4 concentration of the solution. 
SEM images (Fig. 9) of cross sections of hollow HA microspheres prepared at 
different temperatures (pH = 9; K2HPO4 concentration = 0.25) and different K2HPO4 
concentrations (pH = 9; temperature = 37?C) show a marked change in the diameter, d, of 
the hollow core (or the d/D ratio). The microspheres in Fig. 9 were broken deliberately to 
show the cross sections. Increasing the temperature from 25?C to 60?C almost resulted in 
the disappearance of the hollow core (Fig. 9(a)). The diameter of the hollow core also 
decreased markedly with an increase in the concentration of the K2HPO4 solution. Based 
on measurements from at least five spheres in each group, the results showed that d/D 
decreased from 0.62 ± 0.08 at 25?C to 0.19 ± 0.11 at 60?C (Fig. 10(a)), while it decreased 
from 0.61 ± 0.03 for a K2HPO4 concentration of 0.02M to 0.36 ± 0.02 for a concentration 
of 0.25M (Fig. 10(b)).      





1.5.  DISCUSSION 
The present investigation showed that solid microspheres of a Li2O–CaO–B2O3 
glass, designated CaLB3-15, can be reproducibly converted to hollow HA microspheres 
when reacted in an aqueous phosphate solution. Furthermore, by varying the temperature, 
concentration, and pH of the K2HPO4 solution, hollow microspheres with controlled 
microstructural characteristics (diameter of hollow core, surface area, and pore size) can 
be prepared. The conversion reaction is pseudomorphic, so not only the microstructural 
characteristics but also the external diameter of the hollow HA microspheres can be 
controlled. 
The ability to control the geometry and microstructure of these hollow HA 
microspheres is critical for evaluating the potential of the microspheres for their intended 
application as delivery devices for proteins, such as drugs or growth factors, in tissue 
repair and regeneration. Key microstructural characteristics for this application are the 
ratio of the diameter of the hollow core relative to the external diameter of the hollow HA 
microspheres, d/D, the SSA of the microspheres, and the average pore size of the 
microsphere wall. A larger d/D value means that a larger amount of protein can be 
encapsulated within the hollow core, whereas a larger surface area indicates better ability 
for a protein to be adsorbed to the surfaces of the microsphere wall. The average pore 
size controls the permeability of the HA microsphere wall, and therefore the ability of a 
protein to migrate through the microsphere wall, during incorporation of the protein into 






Previous investigations studied the ability to prepare hollow HA microspheres by 
the glass conversion method using a selected set of temperature, solution concentration, 
and pH conditions. [16, 17] In contrast, the factorial design approach used in this work 
allowed an investigation of the statistically significant process variables which influenced 
the microstructural characteristics of the hollow HA microspheres. By varying the 
temperature (25–60?C), K2HPO4 concentration (0.02–0.25M), and pH (9–12) of the 
solution over practically useful ranges, we were able to determine the key individual 
variables, as well as combinations of these individual variables, which had a significant 
influence on the microstructure. 
The temperature and K2HPO4 concentration of the solution had the most 
dominant effect on the three microstructural properties (d/D, surface area, and pore size) 
of the HA microspheres investigated in this work (Figs. 7 and 8).  The basic pH values (9 
and 12) of the phosphate solution used in this work, while favorable for the formation of 
HA, [25] had little effect on the microstructure (Fig. 7 and 8).  
The achievement of high surface area is promoted by higher K2HPO4 
concentration of the solution. Interestingly, higher temperature leads to high surface area 
only when the solution concentration is high (Fig. 7(a)). The highest surface area (145 ± 
5 m2/g) was obtained for a temperature of 60?C and a concentration of 0.25M. 
Apparently, a high concentration of phosphate ions is required for the rapid formation of 
fine nuclei at the reaction interface, whereas a rapid reaction rate (higher temperature) is 
beneficial for the formation of fine HA particles (high SSA).   
Lower temperature or lower K2HPO4 concentration is beneficial for the formation 





(Fig. 1), if it is assumed that all the CaO in the glass reacts with the phosphate ions in the 
solution to form HA, then the amount of HA formed is ?27 wt% of the starting glass, 
regardless of the conditions used. The occurrence of the largest d/D at low concentration 
(0.02M) or low temperature (25?C) indicates that under these conditions, the fine HA 
particles in the microsphere wall are more efficiently packed. Presumably the low 
temperature or low solution concentration lead to slower growth of the HA nuclei, 
allowing the smaller HA crystals to achieve a more efficient packing in the microsphere 
wall. A large d/D value may result in high strength of the HA microspheres, which is an 
important property for the application of these microspheres. A detailed study of the 
rupture strength of the microspheres is currently underway.  
The average pore size of the microsphere wall varied by a factor of ?2, from ?10 
to ?20 nm, for the temperature, K2HPO4 concentration, and pH conditions used in this 
work, with the smallest pore size obtained for lower concentration (0.02M) and for higher 
temperature (60?C) (Table II). The pore size, as outlined earlier, controls the ability of a 
molecule to migrate through the microsphere wall. Based on hydrodynamic experiments, 
bovine serum albumin (BSA), one of the most widely studied proteins, is reported to take 
up the shape of an oblate ellipsoid with dimensions of 14 and 4 nm along the long and 
short-axis, respectively. [26] Some groups of HA microspheres prepared in this work, 
with the larger pore sizes (15–20 nm), could potentially serve as delivery devices for 
BSA, as well as other proteins with dimensions approximately equal to, or smaller than, 
the length of the BSA long-axis. Our current work shows that the pore size can be 





further method for controlling the pore size and, therefore, the release rate of a protein 
from the microspheres.   
In these experiments, the reaction time was chosen to ensure complete conversion 
of the starting glass microspheres to HA. The reaction time was 2 days, except for 
experiments involving the lowest K2HPO4 concentration (0.02M) or the lowest 
temperature (25?C), when the reaction time was 7 days (Table II). For the same 
conditions (temperature, concentration, and pH), varying the reaction time could result in 
changes to the microstructure. However, a thermal treatment of the as-prepared HA 
microspheres, as outlined above, may provide a more efficient method for modifying the 
microstructure. 
 
1.6  CONCLUSIONS 
Solid microspheres (106–150 µm in diameter) of a Li2O–CaO–B2O3 glass were 
completely converted within 2–7 days in an aqueous phosphate solution to hollow HA 
microspheres with a mesoporous wall. The conversion reaction was pseudomorphic, with 
the hollow HA microspheres retaining the external shape and diameter of the starting 
glass microspheres. A factorial design approach, used for designing the conversion 
experiments, allowed a determination of the statistically significant process variables, 
which influenced the microstructure of the HA microspheres.  Although the pH had little 
effect, the K2HPO4 concentration of the solution had a marked effect on the diameter of 
the hollow core, surface area, and pore size, whereas temperature markedly influenced 
the hollow core diameter and pore size, but not the surface area. The surface area 





diameter increased with decreasing temperature or with decreasing K2HPO4 
concentration, reaching a value of ?0.6 times the microsphere diameter at 25?C or 0.02M.  
The largest pore sizes (?20 nm) were obtained at higher concentration or lower 
temperature. These hollow HA microspheres could provide potential biocompatible 
inorganic systems for local delivery of proteins, such as drugs and growth factors in 
tissue repair and regeneration.  
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Table I. Control factors used in the statistical design of the experiments 
Code Control factor Experimental level 1 Experimental level 2 
T Temperature 37oC 60oC 
C Concentration 0.02M 0.25M 







Table II. Experimental design with three factors (temperature, K2HPO4 concentration, 
and pH of the Solution) varied at two levels  











1 60 0.25 9 145 ± 5 13 ± 2 0.19 ± 0.11 2 
2 60 0.02 9 82 ± 5 10 ± 2 0.34 ± 0.03 7 
3 37 0.02 12 89 ± 5 12 ± 2 0.55 ± 0.02 7 
4 37 0.25 12 123 ± 5 17 ± 2 0.34 ± 0.03 2 
5 37 0.02 9 101 ± 5 15 ± 2 0.61 ± 0.03 2 
6 37 0.25 9 127 ± 5 19 ± 2 0.36 ± 0.02 2 
7 60 0.25 12 140 ± 5 12 ± 2 0.14 ± 0.07 2 
8 60 0.02 12 78 ± 5 8 ± 2 0.37 ± 0.09 7 
9 37 0.10 9 108 ± 5 17 ± 2 0.54 ± 0.03 2 
10 25 0.25 9 101 ± 5 20 ± 2 0.62 ± 0.08 7 
The measured properties of the hollow hydroxyapatite microspheres (ratio of hollow core 
diameter to microsphere diameter [d/D] specific surface area, and average pore size) 







Figure 1. Schematic diagram illustrating steps in the reaction process for converting 
calcium-borate glass microsphere to hollow or porous hydroxyapatite (HA) microsphere 






Figure 2.  Scanning election microscopy images of (a) starting glass (CaLB3-15) 
microspheres, (b) external surface of hollow hydroxyapatite (HA) microsphere formed by 
conversion of glass microspheres in 0.02M K2HPO4 solution at 37°C and pH = 9 for 48 








Figure 3.  X-ray diffraction of the starting glass microspheres (unreacted glass) and the 
microspheres formed by reacting the glass microspheres in 0.25 M K2HPO4 solution 
under the conditions shown for 48 h. The pattern of a reference hydroxyapatite (HA) 








Figure 4.  Fourier transform infrared of the starting glass microspheres (unreacted glass) 
and the hollow microspheres formed by reacting the glass microspheres in 0.25 M 







Figure 5.  (a) Scanning electron microscopy image in back-scattered mode of a polished 
cross section of a hollow hydroxyapatite microsphere formed by reacting glass 
microspheres in 0.02M K2HPO4 solution at 37°C and pH = 9 for 48 h; (b) and (c) X-ray 






Figure 6.  Sanning electron microscopy images of the fractured cross section of a hollow 
hydroxyapatite microsphere formed by reacting glass microspheres in 0.02M K2HPO4 
solution at 37°C and pH = 9 for 48 h: (a) concentric bilayered structure, (b) denser 












Figure 7. Pareto charts showing the standardized effect for the process variables and their 
significance on (a) the specific surface area (SSA), (b) ratio of hollow core diameter to 
the microsphere diameter (d/D), and (c) pore size of the microsphere wall.  






Figure 8. Contour plots showing the effect of the process variables on the microstructural 
characteristics: (a) specific surface area (SSA), (b) ratio of hollow core diameter to the 
microsphere diameter (d/D), and (c) pore size of the microsphere wall.  








Figure 9.  Scanning electron microscopy images of the fractured cross sections of hollow 
hydroxyapatite microspheres, showing (a) the effect of temperature on the hollow core 
size for microspheres prepared under constant conditions of pH (9.0) and K2HPO4 
concentration (0.25 M), and (b) the effect of K2HPO4  concentration on the hollow core 










Figure 10.  The relationship between the measured values of d/D and (a) temperature, 
and (b) K2HPO4 concentration of the solution, where d/D is the ratio of the hollow core 






2. EFFECT OF PYROPHOSPHATE IONS ON THE CONVERSION OF 
CALCIUM-LITHIUM-BORATE GLASS TO HYDROXYAPATITE IN AQUEOUS 
PHOSPHATE SOLUTION  
Hailuo Fu1, Mohamed N. Rahaman1, Delbert E. Day1, Wenhai Huang2 
1Department of Materials Science and Engineering, and Center for Bone and Tissue 
Repair and Regeneration, Missouri University of Science and Technology, Rolla, MO 
65409, USA 
2Institute of Bioengineering and Information Technology Materials, Tongji University, 
Shanghai 200092, China 
 
2.1 ABSTRACT 
The conversion of glass to a hydroxyapatite (HA) material in an aqueous 
phosphate solution is used as an indication of the bioactive potential of the glass, as well 
as a low temperature route for preparing biologically useful materials. In this work, the 
effect of varying concentrations of pyrophosphate ions in the phosphate solution on the 
conversion of a calcium?lithium?borate glass to HA was investigated. Particles of the 
glass (150?355 µm) were immersed for up to 28 days in 0.25 M K2HPO4 solution 
containing 0?0.1 M K4P2O7. The kinetics of degradation of glass particles and their 
conversion to HA were monitored by measuring the weight loss of the particles and the 
ionic concentration of the solution. The structure and composition of the conversion 
products were analyzed using X-ray diffraction, scanning electron microscopy, and 
Fourier transform infrared spectroscopy. For K4P2O7 concentrations of up to 0.01 M, the 
glass particles converted to HA, but the time for complete conversion increased from 2 





increased to 0.1 M, the product consisted of an amorphous calcium phosphate material, 
which eventually crystallized to a pyrophosphate product (predominantly K2CaP2O7 and 
Ca2P2O7). The consequences of the results for the formation of HA materials and devices 
by the glass conversion route are discussed. 
 
2.2  INTRODUCTION 
Bioactive glasses have attractive properties for biomedical applications [1?3]. 
When placed in an aqueous phosphate solution, such as the body fluid, bioactive glasses 
undergo specific surface reactions, leading to the formation of a hydroxyapatite (HA)-
type surface layer that is responsible for developing a firm bond with hard and soft 
tissues.[4?6] The conversion of a bioactive glass (or glass?ceramic) to HA in vitro, when 
immersed in an aqueous phosphate solution such as a simulated body fluid (SBF), 
provides a measure of its bioactive potential in vivo [7]. Therefore, it is important to 
understand the factors that influence the conversion of bioactive glass to HA in vitro.  
The conversion of bioactive glass to HA in an aqueous phosphate solution is also 
of interest because the method can be used as a low temperature route for the formation 
of biologically useful materials, such as hollow or porous HA microspheres [8?11]. CaO-
containing alkali-borate glass with special compositions in the system Li2??CaO?B2O3 
or Na2??CaO?B2O3 have been observed to convert rapidly to HA when placed in an 
aqueous phosphate solution near room temperature, such as the body temperature, 37ºC 
[8, 12]. Porous or hollow HA microspheres prepared by this route have a mesoporous 
structure of nanosized particles and high surface area (100?200 m2/g). As such, the glass 





materials and devices for biomedical applications which cannot be obtained by other 
known methods. 
The conversion of silicate and borate bioactive glass to HA in an aqueous 
phosphate solution has been the subject of several studies [1, 13?16]. It is well 
established that an initial step in the conversion of silicate bioactive glass (such as 45S5 
and 13-93 glass) to HA is the formation of a SiO2-rich gel layer on the glass surface by 
ion exchange reactions. Dissolution of Ca2+ ions from the glass, their diffusion through 
the SiO2-rich layer, and reaction with (PO4)3? ions from the solution, leads to the 
precipitation of an amorphous calcium phosphate (ACP) layer on the SiO2-rich layer, 
which subsequently converts to HA. The reaction interface moves inward with time. 
Because of their lower chemical durability, some borate glasses convert faster and more 
completely to HA than silicate 45S5 or 13-93 glass. The mechanism of converting borate 
bioactive glass to HA is similar to that for silicate bioactive glass, but without the 
formation of a SiO2-rich layer [14, 15]. 
In addition to factors such as glass composition, reaction temperature, and 
concentration of the aqueous phosphate solution, the conversion of silicate bioactive glass 
(13-93) to HA has also been shown to depend on the presence of polyanions in the 
aqueous phosphate solution [17]. In particular, the conversion rate of 13-93 glass in 0.25 
M K2HPO4 solution was found to increase linearly with alginic acid concentration in the 
range 0?1 wt% alginic acid (based on the dry mass of the glass). At a given alginic acid 
concentration, the conversion rate increased almost 6 times when compared to that for the 





terms of chelation of the electron donating moieties of alginic acid, such as carboxyls and 
hydroxyls, to the leached Ca2+ from the glass.     
Inorganic phosphates such as dipotassium phosphate, K2HPO4, used for preparing 
the aqueous phosphate solution in the glass conversion process often contain varying 
concentrations of other phosphates resulting from incomplete purification. In particular, 
tetrapotassium pyrophosphate, K4P2O7, is a common ‘impurity’ in commercial K2HPO4. 
Although the specific charge (charge per unit anion group) of the (P2O7)?? anion is the 
same as that for the (HPO4)2? anion, the higher molecular weight could result in 
preferential adsorption at the reaction interface. This could result in a modification of the 
rate of formation of HA by the glass conversion method, or in the formation of new 
phases based on calcium pyrophosphate.  
The objective of this work was to study the effect of varying concentrations of 
K4P2O7 on the conversion of calcium?lithium?borate glass particles to HA in K2HPO4 
solution (0.25 M). The kinetics of conversion were monitored by measuring the weight 
loss of the glass particles and the concentration of ions dissolved from the glass into the 
aqueous phosphate solution. The structure and composition of the solid conversion 
products were analyzed using X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FTIR), and scanning electron microscopy (SEM).  
 
2.3  EXPERIMENTAL PROCEDURE 
2.3.1 Conversion of Calcium?Lithium?Borate Glass Particles in Aqueous 
Phosphate Solution.  
Borate glass, with the composition (wt%): 15.00CaO, 10.63Li2O, 74.37 B2O3, 





H3BO3 (Alfa Aesar, Haverhill, MA, USA) in a Pt crucible for 1 h at 1200ºC, and 
quenching the melt between cold stainless steel plates. This glass composition was used 
because previous work had shown that particles of the glass could be converted rapidly 
(within 2 days) to a HA-type material in an aqueous phosphate solution [11]. Particles of 
size 150?355 ?m were obtained by grinding the glass in a hardened steel mortar and 
pestle, and sieving through 45 and 100 mesh sieves. The particles were washed three 
times with ethanol prior to being used in the conversion reaction.  
Conversion of the borate glass particles to HA was studied in 0.25 M K2HPO4 
solution containing 0-0.1 M K4P2O7 (compositions and reaction times shown in Table I). 
The K2HPO4 solution was used as the parent solution for the conversion reaction because 
it had been used previously in several studies [14?16]. The solutions were prepared by 
dissolving 0.25 mol of K2HPO4.3H2O (99+%; Acros Organics, Morris Plains, NJ, USA) 
in 1 l distilled water, and then dissolving the required amount of K4P2O7 (98%; Acros 
Organics). The pH of the as-prepared solutions was 9.0.  
In the conversion reaction, 1 g glass particles was placed in a bag consisting of 
nylon sieve cloth (140 mesh; nominal opening = 106 µm), and immersed in the aqueous 
phosphate solution. Each bag of particles was placed in a sealed polyethylene bottle 
containing 100 mL solution and kept at 37°C for up to 28 days (Table I). After selected 
immersion times, the particles were removed from the solution, rinsed twice with distilled 
water, then twice with anhydrous ethanol, and dried at 90ºC. For each immersion time, 







 2.3.2 Evaluation of Conversion Kinetics.  
Measurement of the weight loss of the borate glass particles as a function of 
immersion time in the phosphate solution was used to monitor the conversion kinetics of 
the particles to HA, as described previously [14?16]. The weight loss is defined as 
?W/Wo = (Wo ? W)/Wo, where Wo is the initial mass of the particles (prior to immersion) 
and W is the mass after time t. Since the conversion of the calcium?lithium?borate glass 
to HA is also accompanied by dissolution of ions such as Li+ and (BO3)3?, the 
concentration of Li and B in the phosphate solution as a function of immersion time was 
also used to evaluate the conversion process. The concentration of Ca, B, Li and P in the 
phosphate solution was measured using inductively-coupled plasma optical emission 
spectrometry (ICP-OES) at a commercial laboratory (Research Analytical Lab, 
University of Minnesota, St. Paul, MN, USA).  
2.3.3 Characterization of Conversion Products.  
The phase composition and microstructure of the solid products of the conversion 
reaction were analyzed using XRD and SEM. XRD was performed using Cu K? radiation 
(? = 0.15406 nm) at a scan rate of 1.8?/min in the 2? range 5–70° (D/mas 2550 v; 
Rigaku; The Woodlands, TX, USA). The conversion product was ground to a powder for 
the XRD analysis. The microstructure of the external surface of the product was observed 
using SEM (S-4700; Hitachi, Tokyo, Japan), at an accelerating voltage of 10 kV and 
working distance of 12 mm. Composition analysis of the conversion product was 
performed using FTIR spectroscopy (NEXUS 670 FTIR; Thermo Nicolet; Madison, WI, 





the product was ground into a powder, mixed with 198 mg KBr, and pressed to form 
pellets for the FTIR analysis. 
 
2.4  RESULTS  
2.4.1 Structure and Composition of Conversion Products.  
XRD patterns of the starting glass (CaLB3-15) and the products formed by 
reacting the glass particles in 0.25 M K2HPO4 solution with varying concentration of 
K4P2O7 at 37?C and pH = 9.0 are shown in Fig. 1. The starting glass had a diffraction 
pattern with no identifiable peaks, typical of an amorphous glass. (A small peak at ?13? 
2? is due to the instrument). For the conversion products formed by reacting the glass 
particles in the K2HPO4 solution (without K4P2O7) and in the K2HPO4 solution containing 
0.001 M and 0.01 M K4P2O7, the XRD patterns showed diffraction peaks corresponding 
to those of a reference HA (JCPDS 72-1243). The peaks in the XRD patterns appeared to 
be broad, which might indicate that the conversion products were poorly crystallized, or 
consisted of nanometer-sized crystals, or a combination of both.  
In comparison, the product formed when the glass particles were reacted in the 
K2HPO4 solution containing 0.1 M K4P2O7 had a markedly different XRD pattern (Fig. 
1). The major peaks corresponded to those of a dipotassium calcium pyrophosphate, 
K2CaP2O7.4H2O and a calcium pyrophosphate, Ca2P2O7.nH2O. Only minor peaks 
corresponding to HA were identified in the XRD pattern, indicating little formation of 






FTIR spectra of the conversion products formed when the glass particles were 
reacted in the K2HPO4 solution (without K4P2O7) and in the K2HPO4 solution containing 
0.001 M and 0.01 M K4P2O7 are shown in Fig. 2. The most dominant resonances were the 
phosphate v3 resonance, centered at ?1040 cm–1, and the phosphate v4 resonance, with 
peaks at ?605 and 560 cm–1, which are associated with HA [18, 19]. These FTIR spectra 
provided further evidence that the products formed by reacting the glass particles in these 
three solutions consisted of HA. Additional resonances in the spectra of these conversion 
products included a weak shoulder at ?962 cm–1 corresponding to the phosphate v1 
resonance [20], and a resonance at ?878 cm–1 corresponding to the vibrations of CO32– 
ions substituting for PO43– ions in the HA lattice [20].  
In comparison, the FTIR spectrum of the product formed in the K2HPO4 solution 
containing 0.1 M K4P2O7 was markedly different from those described above. The 
asymmetric and symmetric terminal stretching vibrations of PO2 groups usually occur in 
the region 1250?980 cm?1 [21?23]. The intense band observed at 1175 cm?1 is attributed 
to the asymmetric P?O stretching, while the symmetric P?O stretching is located at 1109 
and 1024 cm?1. The P?OH vibrations are observed at 916 cm-1 and 487 cm-1. The 
resonance observed at 723 cm?1 is attributed to symmetric P???P bridge vibration, while 
the resonance centered at ~580 cm?1 might be produced by the phosphate v4 and 
asymmetric ? PO3 vibration. Taken together, the FTIR spectrum showed that the product 
formed in K2HPO4 solution with 0.1 M K4P2O7 contained the function groups P2O7?? , 





2.4.2 Reaction Kinetics.  
Data for the weight loss, ?W/Wo, of the glass particles as a function of immersion 
time in the K2HPO4 solution with or without K4P2O7 are shown in Fig. 3. The average 
weight loss and deviation for each immersion time were determined from three samples 
under the same conditions. In the K2HPO4 solution without K4P2O7, the weight loss 
increased rapidly with immersion time, reaching a steady, limiting value of 63% after 48 
h. The presence of 0.001 M K4P2O7 in the K2HPO4 resulted in a small decrease in the 
?W/Wo value at a given immersion time, so the weight loss curve was shifted slightly to 
longer immersion times. For the glass particles reacted in the K2HPO4 solution containing 
0.01 M K4P2O7, the weight loss data showed a marked decrease at any immersion time, 
when compared to the data for particles reacted in K2HPO4 solution without K4P2O7. The 
weight loss reached the same final limiting value (63%), but only after 200?250 h.  
The weight loss curve for the particles immersed in K2HPO4 solution with 0.1 M 
K4P2O7 showed a markedly different behavior (Figs. 3a, b). The weight loss first 
increased with immersion time, reaching a maximum value of 57% after an immersion 
time of 300?350 h, but then decreased at longer immersion times. After an immersion 
time of 672 h when the experiment was terminated, the final weight loss was 39%. 
According to XRD analysis, the product formed by reacting the particles for 336 h, 
corresponding to approximately the maximum on the weight loss curve, was amorphous 
(Fig. 4a). (A small peak at ?13? 2?, as indicated earlier, is due to the instrument). The 
FTIR spectrum of the amorphous product also showed differences from that of the final 





Table II shows data for the concentration of B, Ca, Li, and P in the K2HPO4 
solution (with or without K4P2O7) after different immersion times. For the K2HPO4 
solution containing 0?0.01 M K4P2O7, the concentration of B and Li showed trends 
similar to those described earlier for the weight loss data. With increasing K4P2O7 
concentration, the B and Li concentration decreased at a given immersion time, indicating 
a reduction in the degradation of the glass due to the presence of increasing K4P2O7 
concentration in this range. However, when the K4P2O7 was increased to 0.1 M, this trend 
of decreasing B and Li concentrations at any given immersion time was not observed. 
Instead, the concentrations of B and Li at earlier emersion times (e.g., 1 day or earlier) 
showed an increase over those for the K2HPO4 solution containing 0.01 M K4P2O7.  
When the experiments were terminated after 3?28 days, presumably after completion of 
the conversion reaction, the B concentration in the solution was similar to the theoretical 
value (taken as the amount in the nominal composition of the starting glass), whereas the 
Li concentration was slightly less than theoretical value. The Li/B atomic ratio in the 
final solution was in the range 0.180-0.188 for all four solutions.  
Based on the low concentration of Ca in the K2HPO4 solution containing 0 or 
0.001 M K4P2O7, it appeared that almost all the Ca2+ ions released from the glass reacted 
rapidly with the phosphate ions of the solution to precipitate a HA-type material. 
However, as the K4P2O7 increased to 0.01 and 0.1 M, the concentration of Ca2+ remaining 
in solution, while low, increased with increasing K4P2O7 concentration, indicating that all 
the Ca2+ ions did not react rapidly with the phosphate ions from the solution to precipitate 
a calcium phosphate material. The concentration of P in each of the four solutions 





consumption of the phosphate ions from the solution in the formation of the calcium 
phosphate material. 
2.4.3 Microstructure of Reaction Product.  
SEM images (Fig. 5) of the surfaces of the converted particles showed marked 
changes in the microstructure when compared to that of the starting glass particles. In 
general, the smooth surface typical of a dense glass changed to a porous particulate 
surface after conversion in the phosphate solution. After conversion in K2HPO4 solution 
containing 0 or 0.001 M K4P2O7, the surface of the product consisted of fine, plate-like 
(or needle-like) particles (Fig. 5a, b), typical of HA precipitated from solution [10]. An 
increase of the K4P2O7 concentration to 0.01 M resulted in a more equiaxial particle 
shape (Fig. 5c). The product formed in K2HPO4 solution containing 0.1 M K4P2O7 had a 
microstructure (Fig. 5d) consisting of more rounded particles, which was markedly 
different from that of the HA-type material formed in the K2HPO4 solution without 
K4P2O7 (Fig. 5a). 
 
2.5  DISCUSSION 
The results show that the presence of pyrophosphate (P2O7)4? ions in an aqueous 
phosphate solution (0.25 M K2HPO4) has a marked effect on the degradation of a 
calcium-lithium-borate glass and its conversion to a HA-type material. The degradation 
and conversion also appear to show a marked difference in behavior when the K4P2O7 
concentration in the K2HPO4 solution increases above 0.01-0.1 M. When the K4P2O7 
concentration is 0.01 M or lower, the degradation and conversion rate decreases with 





product consists of a HA-type material (Figs. 1, 2). On the other hand, for a K4P2O7 
concentration of 0.1 M, the degradation rate shows a different trend (Fig. 3), and, 
according to XRD and FTIR, the product does not consist predominantly of a HA-type 
material (Figs. 1, 2). Instead, the product consists predominantly of a pyrophosphate 
material consisting of K2CaP2O7.4H2O and Ca2P2O7.nH2O, with only little HA. 
Based on the results of previous work [8, 14], it is generally understood that upon 
immersion of a calcium?lithium?borate glass (e.g., CaLB3-15) in an aqueous phosphate 
solution (e.g., K2HPO4), Li and B dissolve to form Li+ and BO33? ions in the solution. At 
the same time, Ca2+ ions from the glass react with (PO4)3? ions from the solution to 
precipitate HA. ICP-OES data for the concentration of Li, B, and Ca in the phosphate 
solution (Table II), coupled with the weight loss data for the glass particles (Fig. 3), are in 
general agreement with this degradation and conversion mechanism. 
Upon addition of 0.001 M and 0.01 M K4P2O7 to the K2HPO4 solution, XRD and 
FTIR analyses show that a HA-type product is still formed. However, the ICP-OES and 
weight loss data show that both the degradation of the glass particles (Table II) and the 
conversion to HA (Fig. 3) are markedly reduced with increasing K4P2O7 concentration. 
The time for complete conversion of the particles increases from ?2 days (no K4P2O7) to 
?10 days (0.01M K4P2O7). Assuming that all the CaO from the glass reacts with 
phosphate ions from the solution to form HA, then the theoretical weight loss is 73%. 
Figure 3 shows that the final, limiting weight loss of the particles in the K2HPO4 solution 
containing 0?0.01 M K4P2O7 is 64%. As discussed previously [9], formation of a 
substituted hydroxyapatite, such as the substitution of Ca2+ with K+ or (PO4)3? with 





At lower K4P2O7 concentrations (0?0.01 M), a possible explanation for the 
reduction in degradation rate and conversion to HA is preferential adsorption of (P2O7)4? 
to the surface of the particles because of their larger molecular weight, when compared to 
(HPO4)2? ions. Upon immersion of the borate glass particles into the K2HPO4 solution, a 
calcium phosphate surface layer is presumably formed rapidly [18, 24]. Pyrophosphate 
ions such as (P2O7)4? and (HP2O7)3? have been reported to adsorb readily on the surfaces 
of HA crystals [25] and to chelate with positively charged ions such as Ca2+ [26]. In the 
present work, adsorption of pyrophosphate ions and chelation with the positively charged 
network modifiers Li+ and Ca2+ could lead to a reduction in the degradation of the glass. 
The adsorption of pyrophosphate ions could also lead to a reduction in the nucleation and 
growth of HA-type material, resulting in a reduction in the conversion to a HA-type 
material, as observed (Fig. 3). For each system, the Ca content of the solution (Table II) 
reaches its highest value at intermediate immersion times, then it decreases at longer 
times. However, the Ca concentration in the solution is far smaller than the Ca content of 
the starting glass, indicating the Ca is essentially precipitated as a HA-type material on 
the particles or chelated with the (P2O7)4? ions on surface of the particles.   
For the highest K4P2O7 concentration (0.1 M) in the K2HPO4 solution, the weight 
loss data (Fig. 3b) and the concentrations of B and Li in the solution (Table II) show 
approximately similar trends up to an immersion time of 14 days: they increase with 
immersion time and reach their maximum values within 14 days. At longer times, the 
weight loss decreases, whereas the B and Li concentrations essentially show no further 
change. Essentially all the Li and B have dissolved out of the glass particles within 14 





28 days, which indicate the precipitation of these two ions from the solution. As outlined 
earlier, according to XRD, the product formed after 14 days is amorphous (Fig. 4a), 
whereas it is crystalline after 28 days, consisting predominantly of K2CaP2O7.4H2O and 
Ca2P2O7.nH2O. A possible explanation for the behavior at this higher K4P2O7 
concentration (0.1 M) is that the glass first degrades and converts to an ACP material 
within the first 14 days of immersion. Calcium ions are chelated with pyrophosphate 
(P2O7)?? ions adsorbed on the surface of the particles and in solution. Subsequently, 
precipitation from solution coupled with crystallization of the ACP material leads to a 
decrease in the weight loss and the formation of a product consisting predominantly of 
K2CaP2O7.4H2O and Ca2P2O7.nH2O. XRD showed the presence of additional phases that 
could not be clearly identified, indicating that the final product consists of a fairly 
complex mixture of phases. 
A schematic diagram illustrating the proposed mechanism for the conversion of 
the calcium?lithium?borate glass in K2HPO4 solution containing varying concentrations 
of pyrophosphate (P2O7)4? ions is shown in Fig. 6. In the K2HPO4 solution with no 
K4P2O7, degradation of the glass, coupled with reaction between Ca2+ and (PO4)3? ions 
leads to the formation of a HA-type material, as described previously [8, 14]. With the 
small additions of K4P2O7 (0.01 M or smaller) to the K2HPO4 solution, adsorption of 
(P2O7)4? ions (and possibly (HP2O7)3?) to the surface coupled with chelation of Ca2+ ions 
leads to a reduction in the degradation rate of the glass and its conversion to a HA-type 
material. However, with higher K4P2O7 addition (0.1 M) to the K2HPO4 solution, an ACP 
material is formed which eventually converts to a crystalline pyrophosphate, consisting 





The present results have important consequences for the use of bioactive glass in 
biomedical applications. Firstly, the addition of pyrophosphate ions to an aqueous 
phosphate solution could provide a method for controlling the degradation rate of a 
bioactive glass and its conversion to a HA-type material, particularly for borate glass, 
which has a low durability. Secondly, the presence of pyrophosphate ions in an aqueous 
phosphate solution should be avoided when the efficient and complete conversion of a 
bioactive glass to a HA-type device is required.    
 
2.6  CONCLUSIONS 
The conversion of calcium?lithium?borate glass particles (150?355 µm) to a HA-
type material concentration in an aqueous phosphate solution (0.25 M K2HPO4) was 
markedly influenced by the concentration of pyrophosphate (P2O7)4? ions in the solution. 
In the K2HPO4 solution containing 0?0.01 M K4P2O7, while the conversion rate to HA 
decreased with increasing K4P2O7 concentration, XRD and FTIR showed that the fully 
converted particles consisted of an HA-type product. At higher K4P2O7 concentration (0.1 
M), the conversion rate of the particles also decreased, but the product did not consist of 
an HA-type material. Instead, the product consisted predominantly of an ACP material 
which eventually crystallized to a pyrophosphate product, consisting predominantly of 
K2CaP2O7.4H2O and Ca2P2O7.nH2O. The results show the potential of pyrophosphate 
ions for influencing the conversion of a bioactive glass to HA in an aqueous phosphate 
solution, as well as the ability to produce a calcium pyrophosphate product 
predominantly by reacting a calcium? lithium?borate glass in a phosphate solution 
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Table I. Composition of K2HPO4 solutions with varying K4P2O7 concentration used in 
these experiments for converting calcium?lithium?borate (CaLB3-15) glass particles to a 
calcium phosphate material.  
The total reaction time for each composition is also shown. 
 
K2HPO4 (M) 0.25 0.25 0.25 0.25 
K4P2O7 (M) 0 0.001 0.01 0.1 





Table II.  Concentration of B, Ca, Li, and P in 0.25 M K2HPO4 solution containing 0, 
0.001 M, 0.01 M, and 0.1 M K4P2O7 after immersion of calcium?lithium?borate 
(CaLB3-15) glass particles for the times shown.  
 
B(mg/L) Ca(mg/L) Li(mg/L) P(mg/L) 
Theoretical 
concentration 
of P (mg/L) 
0 M K4P2O7 
    
7750 
0h 1.3 <0.7 <0.1 7381 
 
1h 227 2.4 47.2 7335 
 
1d 2169 1.2 414 7280 
 
3d 2339 <0.7 427 6746 
 
0.001 M K4P2O7 
    
7810 
0h 1.7 0.8 <0.1 7438 
 
1h 205 1.7 35.9 7337 
 
1d 2081 2.4 421 6972 
 
4d 2400 0.8 434 6802 
 
0.01 M K4P2O7 
    
8370 
0h 3.8 1.2 <0.1 8300 
 
1h 190 5.4 39.2 8105 
 
1d 1148 16.3 234 7990 
 
10d 2275 2.5 427 7570 
 
0.1 M K4P2O7 
    
13950 
0h 1.5 1.3 <0.1 13677 
 
1h 207 37.7 41.4 13431 
 
1d 1600 70.5 322 12958 
 
14d 2313 75.1 419 12658 
 
28d 2325 3.7 420 11847 
 
Theoretical composition 







Figure 1. XRD patterns of the starting calcium?lithium?borate (CaLB3-15) glass 
particles and the products formed after converting the glass particles for the times shown 
in 0.25 M K2HPO4 solution containing 0, 0.001, 0.01, and 0.1 M K4P2O7. For 










Figure 2.  FTIR spectra of the starting calcium?lithium?borate (CaLB3-15) glass 
particles and the products formed after converting the glass particles for the times shown 
in 0.25 M K2HPO4 solution containing 0, 0.001, 0.01, and 0.1 M K4P2O7. The main 







Figure 3. (a) Weight loss of calcium?lithium?borate (CaLB3-15) glass particles during 
conversion in 0.25 M K2HPO4 solution containing 0, 0.001, 0.01, and 0.1 M K4P2O7. (b) 
Weight loss curve for the glass particles during conversion in 0.25 M K2HPO4 solution 









Figure 4. (a) XRD patterns and (b) FTIR spectra of the products formed by converting 
calcium?lithium?borate (CaLB3-15) glass particles in 0.25 M K2HPO4 solution 








Figure 5. SEM images of the surface of the products formed by converting 
calcium?lithium? borate (CaLB3-15) glass particles in 0.25 M K2HPO4 solution 
containing (a) 0 M, (b) 0.001 M, (c) 0.01 M, and (d) 0.1 M K4P2O7 for the times shown. 









Figure 6. Schematic diagrams showing the main steps in the conversion of CaLB3-15 
glass in K2HPO4 solution (0.25 M) containing (a) no K4P2O7; (b) 0?0.01 M K4P2O7; (c) 
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3.1 ABSTRACT 
Hollow hydroxyapatite (HA) microspheres were prepared by reacting solid 
microspheres of Li2O–CaO–B2O3 glass (106–150 µm) in K2HPO4 solution, and evaluated 
as a controlled delivery device for a model protein, bovine serum albumin (BSA). 
Reaction of the glass microspheres for 2 days in 0.02 M K2HPO4 solution (pH = 9) at 
37?C resulted in the formation of biocompatible HA microspheres with a hollow core 
diameter equal to 0.6 the external diameter, high surface area (?100 m2/g), and a 
mesoporous shell wall (pore size ? 13 nm). After loading with a solution of BSA in 
phosphate-buffered saline (PBS) (5 mg BSA/ml), the release kinetics of BSA from the 
HA microspheres into a PBS medium were measured using a micro bicinchoninic acid 
(BCA) protein assay. Release of BSA initially increased linearly with time, but almost 
ceased after 24?48 h. Modification of the BSA release kinetics was achieved by 





treatment (1?24 h at 600?900?C). Sustained release of BSA was achieved over 7?14 
days from HA microspheres heated for 5 h at 600?C. The amount of BSA released at a 
given time was dependent on the concentration of BSA initially loaded into the HA 
microspheres. These hollow HA microspheres could provide a novel inorganic device for 
controlled local delivery of proteins and drugs.   
 
3.2  INTRODUCTION 
Over the past few decades, there has been considerable interest in the 
development of devices for controlled local delivery of proteins such as growth factors 
and drugs [1]. A controlled-release system consists of a biologically active agent (e.g., 
protein) in a carrier material (commonly a polymer or ceramic). The objective of the 
controlled-delivery device is to provide a means for local delivery of the protein to the 
target site at concentrations within the therapeutic limits and for the required duration. 
Since the delivery device is implanted, injected, or inserted into the body, the 
biocompatibility and toxicity of the carrier material must also be considered.   
Natural and synthetic biodegradable polymers have found wide application as 
carrier materials for protein delivery [2]. The delivery systems include microspheres, 
hydrogels, and three-dimensional porous scaffolds [3, 4]. These polymers degrade in 
vivo, either enzymatically or non-enzymatically, to produce biocompatible or non-toxic 
by-products along with progressive release of the dispersed or dissolved protein. Natural 
polymers and their derivatives in the form of gels or sponges have been used extensively 
as delivery vehicles.  In particular, collagen is a readily available extracellular matrix 





system for proteins [5, 6].  Biodegradable synthetic polymers, such as poly(lactic acid), 
PLA, and poly(glycolic acid), PGA, as well as their copolymers, poly(lactic co-glycolic 
acid), PLGA, are the most widely used delivery systems. In addition to being widely 
available, they can be prepared with well-controlled, reproducible chemical and physical 
properties [2–4, 7]. They are also among the few synthetic biodegradable polymers 
approved by the Food and Drug Administration (FDA) for in vivo use.   
Inorganic materials which have been utilized as carriers for protein delivery 
consist primarily calcium phosphate materials such as ?-tricalcium phosphate, Ca3(PO4)2 
and hydroxyapatite, HA, Ca10(PO4)6(OH)2 [1], and bioinert metal oxides such as silica, 
SiO2 [8, 9]. The calcium phosphate materials, composed of the same elements as bone, 
are biocompatible and produce no systemic toxicity or immunological reactions. In 
addition to its chemical and structural stability, SiO2 can be prepared near room 
temperature by sol-gel methods and other solution-based methods, so the protein activity 
can be retained. The delivery systems typically consist of nanoparticles, porous particles, 
granules, or porous substrates in which the protein is adsorbed or attached to the surfaces 
of the porous material, or encapsulated within the pores [8–11].  Hollow HA 
microspheres (diameter = 1,500–2,000 µm), consisting of a hollow core and a 
mesoporous shell, have been prepared by coating chitin microspheres with a composite 
layer of chitin and HA, followed by thermal decomposition of the chitin and sintering of 
the porous HA shell [12].  
Day and Conzone [13] invented a process for preparing porous phosphate 
materials with high surface area by converting borate glasses with special compositions 





of the process is that it is pseudomorphic, so the HA product retains the same external 
shape and dimensions of the starting glass object. Using this process, Wang et al. [16] 
reacted solid glass microspheres (106–125 µm) with the composition (wt%) 4.7Li2O, 
13.2CaO, 82.1B2O3 in 0.25 M K2HPO4 solution for 5 days at 37?C and pH = 10.0–12.0. 
They found that the product consisted of hollow microspheres of a calcium phosphate 
material which, on heating for 4 h at 600?C, converted to HA. Huang et al. [17] prepared 
hollow HA microspheres by reacting glass microspheres with the composition 10Li2O, 
10CaO, 80B2O3 (wt%) for 5 days (microsphere diameter = 106–125 µm) or 14 days 
(microsphere diameter = 500–800 µm) under similar conditions used by Wang et al. [16]. 
They measured the surface area of the smaller HA microspheres (135 m2/g) and the 
rupture strength of the larger HA microspheres (1.6 MPa), and studied the effect of heat 
treatment on the surface area and rupture strength. Heating the as-prepared HA 
microspheres for 8 h at 600?C and at 800?C resulted in a marked decrease in surface area 
and a sharp increase in strength. 
Our previous work showed that the microstructure of hollow HA microspheres 
prepared by converting Li2O?CaO?B2O3 glass microspheres (106–150 µm) in a K2HPO4 
solution can be manipulated over a wide range by controlling the process variables [18]. 
By varying the concentration (0.02–0.25 M) and the temperature (25–60?C) of the 
K2HPO4 solution at pH = 9–12, hollow HA microspheres with a hollow core diameter to 
microsphere diameter (d/D) of 0.14–0.62, surface area of 78–145 m2/g, and pore size of 
8–20 nm were produced.  
The objective of this work was to evaluate hollow HA microspheres prepared by 





Bovine serum albumin (BSA) was used as a model protein in this work because it is one 
of the most widely studied proteins. The ability to fill the hollow HA microspheres with 
an aqueous solution of BSA, and the release kinetics of BSA from the filled microspheres 
into an aqueous medium were determined. The ability to manipulate the release kinetics 
of the BSA was studied by altering the microstructure of the shell wall of the as-prepared 
HA microspheres using a controlled heat treatment (1–24 h at 600–900?C).  
 
3.3  EXPERIMENTAL PROCEDURE 
3.3.1  Preparation of Hollow Hydroxyapatite (HA) Microspheres.  
Hollow HA microspheres were prepared by reacting solid glass microspheres in 
an aqueous phosphate solution as described previously [18]. Briefly, borate glass, with 
the composition (wt%): 15.00CaO, 10.63Li2O, 74.37 B2O3, designated CaLB3-15, was 
prepared by melting reagent grade CaCO3, Li2CO3 and H3BO3 (Alfa Aesar, Haverhill, 
MA, USA) in a Pt crucible at 1,200ºC for 45 min, and quenching between cold stainless 
steel plates. Particles of size 106?150 ?m were obtained by grinding the glass in a 
hardened steel mortar and pestle, and sieving through 100 and 140 mesh sieves. 
Microspheres were obtained by dropping the crushed particles down a vertical tube 
furnace at 1,000?C, as described in detail elsewhere [14].  
Hollow HA microspheres were prepared by reacting the glass microspheres for 2 
days in 0.02 M K2HPO4 solution at 37?C and pH = 9.0. These conditions were used 
because our previous work showed that they resulted in the formation of hollow HA 
microspheres with large d/D value (ratio of the hollow core diameter, d, to the sphere 





g of glass microspheres was placed in 200 ml solution, and the system was gently stirred 
continuously. Upon completion of the conversion process, the HA microspheres were 
washed three times with distilled water, soaked in anhydrous ethanol to displace residual 
water, dried for at least 12 h at room temperature, then for at least 12 h at 90oC, and 
stored in a desiccator. 
These ‘as-prepared’ HA microspheres were subjected to a controlled thermal 
treatment in order to modify the microstructure of the shell wall. Microspheres were 
heated in a Pt crucible for 1, 5, and 24 h at temperatures between 600 and 900?C. These 
heat treatment temperatures were used because they are below and above the onset 
temperature for sintering (densification) of porous, fine-grained HA.   
3.3.2  Characterization of Hollow HA Microspheres.  
The phase composition of the converted microspheres was checked using X-ray 
diffraction, XRD (D/mas 2550 v; Rigaku; The Woodlands, TX) and Fourier transform 
infrared (FTIR) spectroscopy (NEXUS 670; Thermo Nicolet; Madison, WI).  XRD was 
performed using Cu K? radiation (? = 0.15406 nm) at a scan rate of 1.8? /min in the 2? 
range 20–70°. The HA microspheres were ground to a powder for the XRD and FTIR 
analyses. FTIR was performed in the wavenumber range of 400–4,000 cm?1 (resolution = 
8 cm–1). A mass of 2 mg of the powder was mixed with 198 mg KBr, and pressed to form 
pellets for the FTIR analysis. 
The rupture strength of individual HA microspheres, as-prepared or heat treated, 
was measured in a nano-mechanical testing machine (Nano Bionix; Agilent 
Technologies; Oak Ridge, TN) using a procedure described in detail elsewhere [17]. 





machine, larger spheres (diameter 200?250 µm) were tested. At least eight microspheres 
were measured for each group (as-prepared or heat-treated), and the rupture strength was 
expressed as a mean value ± standard deviation. 
The microstructure of the external surface and the cross section of the as-prepared 
and heat-treated HA microspheres was examined in a scanning electron microscope, 
SEM (S-4700; Hitachi, Tokyo, Japan), at an accelerating voltage of 10 kV and working 
distance of 12 mm. Local composition of the external surface and across the wall of the 
microspheres was determined using energy dispersive X-ray (EDS) analysis in the SEM, 
with an electron beam spot size of 1 µm.  
The specific surface area and the pore size distribution of the shell wall of the HA 
microspheres were measured using nitrogen adsorption (Autosorb-1; Quantachrome, 
Boynton Beach, FL). Prior to the measurement, a known mass of microspheres (in the 
range 300–500 mg) was weighed, and evacuated for 15 h at 120°C to remove adsorbed 
moisture.  The volume of nitrogen adsorbed and desorbed at different relative gas 
pressures was measured and used to construct adsorption–desorption isotherms. The first 
five points of the adsorption isotherm, which initially followed a linear trend implying 
monolayer formation of adsorbate, were fitted to the  Brunauer–Emmett–Teller (BET) 
equation for the determination of the specific surface area [19]. The pore size distribution 
was calculated using the Barrett–Joiner–Halenda (BJH) method applied to the desorption 
isotherms [20]. 
3.3.3  Biocompatibility of Hollow HA Microspheres.  
The biocompatibility of the hollow HA microspheres was evaluated by examining 





hollow HA microspheres were formed by pouring the borate glass microspheres into a 
graphite die, heating the system for 1 h at 550ºC to join the glass microspheres, and then 
reacting the disc in 0.02M K2HPO4 solution to convert the glass microspheres to hollow 
microspheres. After sterilization by washing three times with water and ethanol, followed 
by heating for at least 24 h at 120ºC, the discs of hollow HA microspheres were seeded 
with 60,000 MC3T3-E1 cells suspended in 60 ?l medium, and incubated for 4 h to permit 
cell attachment. The cell-seeded constructs were then transferred to a 24-well culture 
plate containing 2 ml of complete medium per well. All cell cultures were maintained at 
37ºC in a humidified atmosphere of 5% CO2 with the medium changed every 2 days. At 
selected time intervals, disks with attached cells were removed, washed, stained with 
Sanderson Bone Stain?, and examined in an optical microscope.  
3.3.4  Loading of BSA into Hollow HA Microspheres.  
The ability to load a model protein, bovine serum albumin (BSA) into the 
converted microspheres was studied using optical microscopy. To permit visual 
observation of the protein distribution within the microspheres, a fluorescein 
isothiocyanate-labeled BSA (referred to as FITC-BSA) (Sigma-Aldridge, St. Louis, MO) 
was used.  A mass of 0.1 g microspheres was immersed in 5 ml of a solution consisting 
FITC-BSA in phosphate-buffered saline (PBS) (FITC-BSA concentration = 5 mg/ml). A 
small vacuum was applied to the system to remove air trapped within the microspheres, 
thereby assisting the incorporation of the FITC-BSA into the microspheres. When the 
removal of air bubbles from the microspheres had ceased (as determined visually), the 
microspheres loaded with FITC-BSA were dried in air at room temperature, and observed 





3.3.5  Release Kinetics of BSA from Hollow HA Microspheres into PBS.  
The hollow HA microspheres were loaded with a solution of BSA (without FITC 
labeling) using the method outlined above, removed, and immersed in PBS to determine 
the release of BSA from the microspheres into the PBS. In the loading step, 200 mg of 
the microspheres was placed in 2 ml of a PBS solution containing 5 mg/ml BSA 
(molecular weight = 66 kDa; Sigma-Aldrich). The BSA-loaded microspheres were 
removed, rinsed three times with PBS, and placed in a beaker containing 20 ml PBS. The 
system was kept at 37ºC, and the solution was stirred continuously. At selected time 
intervals, 50 µL aliquots were taken from the solution and used for determining the 
amount of BSA released into the solution.  
The concentration of BSA in each aliquot was measured using a micro 
bicinchoninic acid (BCA) protein assay reagent (Product # 23240ZZ; Thermo Fisher 
Scientific, Rockford, IL). This assay is very sensitive to dilute concentrations of proteins 
and has a linear working range of 0.5–20 µg/ml for BSA [21]. The aliquots were mixed 
with 50 µl PBS and 100 µl of the working reagent, reacted for 2 h at 37ºC and cooled to 
room temperature. The absorbance of each solution was measured at 550 nm using a HP 
8452A diode array spectrophotometer (BMG LABTECH Inc., Cary, NC). The 
concentration of BSA was determined from a standard curve calibrated from 
measurements of the absorbance of PBS containing known concentrations of BSA. At the 
completion of the BSA release experiments, the microspheres were washed three times 
with distilled water and dried in air at room temperature. The dried microspheres were 
crushed and the residual BSA in the microspheres was measured using the BCA 





3.4  RESULTS  
3.4.1  Microstructure of As-prepared and Heat-treated HA Microspheres.  
Figure 1 shows an optical image of the starting CaLB3-15 glass microspheres 
(Fig. 1a), and SEM images showing the external surface and the cross-section of a hollow 
HA microsphere formed by reacting the glass microspheres for 2 days in 0.02 M K2HPO4 
solution (pH = 9) at 37?C (Figs, 1b, 1c). The HA microspheres had a hollow core 
diameter, relative to the external diameter of the hollow microspheres, d/D = 0.61 ± 0.03, 
surface area = 101 ± 5 m2/g, and a pore size of the shell wall = 13 ± 2 nm (Table I).  
XRD, FTIR, and EDS analysis (Fig. 2) confirmed that the hollow microspheres 
had a structure and composition corresponding to an HA-type material. The starting 
CaLB3-15 glass had a diffraction pattern with no measurable peaks (Fig. 2a), typical of 
an amorphous glass. In comparison, the patterns of the converted microspheres (as-
prepared and heat treated for 5 h at 600?C) contained peaks that corresponded to those of 
a reference HA (JCPDS72-1243). The broad peaks in the XRD pattern of the as-prepared 
microspheres may indicate that the material was poorly crystallized, or consisted of 
nanometer-sized crystals, or a combination of both. The intensity of the peaks increased 
markedly for the heat-treated microspheres, presumably as a result of increased 
crystallization. 
The FTIR spectrum of the as-prepared glass (Fig. 2b) was similar to that of a 
binary Li2O-3B2O3 glass [22, 23], consisting of two broad resonances, at 600-750 cm-1 
and 1,200 cm-1, 600 cm-1, which corresponded to vibrations of the trigonal BO3 groups, 
and a broad resonance centered at ~975 cm-1 corresponding to the vibration of tetrahedral 





or heat-treated) were the phosphate v3 resonance, centered at ~1,040 cm-1, and the 
phosphate v4 resonance, with peaks at ~605 and 560 cm-1, which are associated with 
crystalline HA [24, 25]. EDS analysis (Fig. 2c) showed that Ca and P were the main 
metallic elements present in the converted microspheres. 
SEM images of the surface and cross section of the hollow HA microspheres, as-
prepared and after heat treatment for 5 h at 600?C and 900?C, are shown in Fig. 3. As-
prepared, the surface of the microspheres consisted of a mesoporous structure of fine, 
plate-like (or needle-like) HA particles (Fig. 3a). The cross section (Fig. 3b) shows that 
the shell wall consisted of two distinct layers: a less porous surface layer of thickness ?5 
µm and a more porous inner layer. Heating for 5 h at 600?C did not produce a measurable 
change in the porosity of the hollow HA microspheres, but resulted in a marked change in 
the surface microstructure (Fig. 3c). The particles in the surface layer have a more 
rounded morphology, with a size <50 nm. Except for coarsening, little change in the 
microstructure of the inner layer of the shell wall is observed (Fig. 3d). Heating for 5 h at 
900?C resulted in a porous surface layer (Fig. 3e), but the cross section of the shell wall 
appeared to be almost fully dense (Fig. 3f). 
Figure 4 shows the effect of heating time at 600?C on the microstructure of the 
surface layer of the hollow HA microspheres.  Heating for 1 h resulted in a fairly 
homogeneous microstructure of nearly rounded HA particles (or grains) (Fig. 4a, b). 
After 5 h, coarsening of the surface microstructure increased (Fig. 4c), but the cross 
section showed a more heterogeneous microstructure, consisting of a less porous layer 






for 24 h, the microstructure of the surface layer appeared to be a coarsened version of that 
for the microspheres heated for 5 h (Fig. 4e, f).   
3.4.2  Strength of Hollow HA Microspheres.  
The rupture strength of the as-prepared hollow HA microspheres (200?250 µm) 
was 11 ± 6 MPa (Table 1). After heating for 1 h at 600?C, the rupture strength increased 
to 17 ? 8 MPa, while heating for 5 h at 900?C resulted in a further increase in the rupture 
strength (30 ? 10 MPa). 
3.4.3  Biocompatibility of Hollow HA Microspheres.  
Figure 5 shows optical images of MC3T3-E1 cells (stained with Sanderson Bone 
Stain?) on hollow HA microspheres after culture times of 2, 4, and 6 days. (The inset 
shows SEM images of the same constructs.) The cells seen in the micrographs appeared 
to attach to the HA microspheres by day 2, and increased in density with the culture 
duration (Figs. 5b, c). After 4 days, the cells tried to colonize the surface of the spheres. 
The cells were in physical contact with each other and aggregated with the neighboring 
cells via extensions (Fig. 5b; inset). The optical and SEM images for the 6-day culture 
show almost complete coverage of the scaffolds with the MC3T3-E1 cells and increased 
cell density (Fig. 5c; inset). Viewed as a group, the continuous increase in cell density 
during the 6 days culture period shows the ability of the hollow HA microspheres to 
support cell proliferation.  
3.4.4  Loading and Distribution of BSA in Hollow HA Microspheres.  
Optical images of the as-prepared hollow HA microspheres prior to loading with 
FITC-labeled BSA showed no fluorescence (Fig. 6a). The brightness of the image was 





surfaces of the microspheres filled with the FITC-labeled BSA solution showed a high 
degree of fluorescence, indicating the presence of BSA (Fig. 6b). In order to show the 
distribution of the BSA, after filling with the BSA solution and drying, the microspheres 
were sectioned and observed in the microscope. The fluorescence in Fig. 6b (inset) shows 
that the BSA was incorporated within the hollow core of the microspheres as well as 
within the mesoporous shell wall.  
3.4.5  Release Kinetics of BSA from Hollow HA Microspheres.  
Figure 7 shows the BSA release kinetics from the BSA-loaded HA microspheres 
into a PBS solution, for the as-prepared microspheres and for microspheres heat treated 
for 5 h at 600?C or 900?C. For the as-prepared HA microspheres, the release of BSA was 
initially rapid (~2.0 µg/ml/h) during the first 10 h, then slowed considerably, with 95% of 
final amount released within 24 h, and almost ceased after 24?48 h. The total amount of 
BSA released into the PBS was ?22 µg/ml. Heating the as-prepared microspheres for 5 h 
at 600?C resulted in a marked increase in the amount and duration of the BSA released 
into the PBS. The amount of BSA released was comparable to that for the as-prepared 
microspheres during the first 48?72 h, then continued to increase, with 95% of final 
amount released in 7 days, and almost ceased after 14 days. The total amount of BSA 
released (after 14 days) was ?35 µg/ml.  
For the HA microspheres heated for 5 h at 900?C, release of the BSA from the 
microspheres into the PBS was limited. The cumulative amount of BSA released after 
3?5 h was ?2 µg/ml, and it remained at this value thereafter.  The release of BSA from 





release kinetics was approximately similar to that for the HA microspheres heated for 5 h 
at 900?C, and the results are omitted for the sake of brevity.  
The effect of heating the as-prepared HA microspheres for varying times (1?24 h) 
at 600?C on the BSA release kinetics is shown in Fig. 8. For a heating time of 1 h, the 
release kinetics showed a trend similar to that for the as-prepared microspheres, but the 
total amount of BSA released was far higher (?35 vs. ?22 µg/ml). As discussed above, an 
increase in the heating time to 5 h at 600?C had a marked effect on the release kinetics. 
When compared to the microspheres heated for 1 h, the duration of the release increased 
(7?14 days) but the total amount of BSA released (?35 µg/ml) was approximately the 
same. For a longer heating time (24 h) at 600?C, the duration of the release did not 
increase further. Instead the duration of the release became shorter, with 95% of the final 
amount released after 3 days, and BSA release almost ceased after 4?5 days. However, 
the total amount of BSA released (?35 µg/ml) was approximately the same as that for 
microspheres heated for 1 or 5 h.   
Figure 9 shows the effect of varying the amount of BSA loaded into the hollow 
HA microspheres (1?10 mg BSA per ml of PBS) on the release kinetics. The 
microspheres used in these experiments were heated for 5 h at 600?C. For a BSA 
concentration of 1 mg/ml, the total amount of BSA released was limited (?5 µg/ml). 
Higher BSA loading markedly enhanced the amount of BSA released, as well as the 
duration of the release. The release kinetics from microspheres loaded with 10 mg/ml 





the total amount of BSA released was higher (45 µg/ml compared to 35 µg/ml) after 14 
days.  
 
3.5  DISCUSSION 
The results of the present investigation show that hollow HA microspheres, 
prepared by a low-temperature glass conversion route, have promising potential for use 
as a controlled delivery device for proteins. By modifying the microstructure of the as-
prepared hollow HA microspheres using a controlled heat treatment, and varying the 
concentration of BSA initially loaded into the microspheres, both the amount of protein 
(BSA) released from the microspheres into a PBS medium and the duration of the release 
(1?14 days) were controlled. These HA microspheres, consisting of the same ions as 
human bone, could provide a novel inorganic system for controlled delivery of proteins, 
such as growth factors and drugs.    
Our previous work showed that the microstructure of hollow HA microspheres 
prepared by converting Li2O?CaO?B2O3 glass microspheres in a K2HPO4 solution can be 
modified over a wide range by controlling the process variables, such as the conversion 
temperature, K2HPO4 concentration and pH of the solution [18]. In this study, a group of 
as-prepared HA microspheres with a mesoporous shell wall (average pore size = 13 nm), 
high surface area (?100 m2/g), and a hollow core diameter, d, equal to 0.6 the external 
diameter, D, of the microspheres, was evaluated as a delivery device for a model protein, 
BSA. Based on their ability to support the proliferation of MC3T3-E1 cells, the as-
prepared HA microspheres prepared by this glass conversion route were shown to be 





The present study showed that the microstructure of the as-prepared HA 
microspheres can be further modified by a controlled heat treatment at temperatures 
between approximately 600 and 900?C. Modification of the microstructure by heat 
treatment resulted in the ability to markedly influence the release of BSA from the 
microspheres into a PBS. Both the amount of BSA released as well as the duration of the 
release was influenced by the heat treatment. The microstructural changes produced by 
the heat treatment and, hence, the ability to control the BSA release kinetics, were 
dependent on the time?temperature schedule used in the heat treatment. 
Upon heating the as-prepared hollow HA microspheres, surface diffusion 
presumably dominated at lower temperatures (e.g., approximately 600?C or below), 
resulting in rounding of the high surface area plate-like (or needle-like) particles present 
in the microspheres, as well as coarsening of the pores and particles (Figs. 3a?3d). These 
processes are driven by the need of the system to reduce its surface free energy [26].  At 
these lower temperatures, there is rearrangement of the porosity but little or no reduction 
in the total porosity of the shell wall. At higher temperatures, other types of matter 
transport processes become more dominant, resulting in actual densification of the shell 
wall (reduction in the porosity). At 900?C, densification dominated to the extent that the 
shell wall became almost fully dense, although some porosity remained on the 
microsphere surface (Fig. 3e, 3f). 
Using an FITC-labeled BSA, it was clearly shown that the hollow HA 
microspheres can be loaded with BSA by immersing the microspheres in a solution of 





(Fig. 6). Furthermore, it was shown that the BSA loaded into the microspheres was 
distributed both in the pores of the shell wall and in the hollow core.  
The release of BSA from the as-prepared HA microspheres into a PBS medium 
was rapid, and essentially ceased after 24?48 h (Fig. 7). The cumulative amount of BSA 
in the medium when the release of BSA ceased was ?22 µg/ml. Little release of BSA was 
found for the HA microspheres heated for 5 h at 900?C. As described earlier, SEM 
observation showed that the shell wall for this group of HA microspheres was dense (Fig. 
3f), so presumably no BSA was loaded into the microspheres. The little BSA released 
was presumably due to BSA adsorbed on the surface of the microspheres.   
Heating the as-prepared HA microspheres for varying times (1?24 h) at 600?C 
provided the  most favorable conditions for manipulating the amount and duration of the 
BSA released from the microspheres (Fig. 8). Presumably, the transition from coarsening 
of the microstructure to densification of the shell wall occurred above this temperature, 
and the heating time provided an additional variable to modify the microstructure. With 
the smallest heating time (1 h), the amount of BSA released at any time was far higher 
than that for the as-prepared HA microspheres, but the duration of release was 
approximately the same (24?48 h). Coarsening apparently resulted in a fairly 
homogeneous surface layer (Fig. 4a, b). The larger pores presumably allowed more BSA 
to be loaded into the microspheres, as well as faster release through the microsphere wall. 
When heated for longer time (5h), rearrangement of the porosity during the coarsening 
process presumably resulted in the formation of a less porous layer (Fig. 4d; arrow) 
within the coarsened surface layer. This resulted in a more sustained release of BSA, over 





microspheres was initially faster that for the microspheres heated for 5 h, but the duration 
of the release was shorter (4-5 days). For the 24 h heating, the microstructure of the 
surface layer of the microspheres (Fig. 4f) appeared to be a coarsened version of that for 
the microspheres heated for 5 h (Fig. 4d); this resulted in faster release kinetics because 
of the easier migration of the BSA molecules through the larger pores. Although the 
duration of the BSA release was different, Fig. 8 showed that the cumulative amount of 
BSA released (32?35 µg/ml) was approximately independent of the heating time at 
600?C. The coarsening of the microstructure at nearly constant pore volume coupled with 
the small difference in surface area (Table I) resulted in approximately the same amount 
of BSA loaded into the microspheres and released into the PBS. 
The amount of BSA released from the hollow HA microspheres can also be 
varied by changing the concentration of BSA initially loaded into the microspheres (Fig. 
9). At any time, the cumulative amount of BSA released into the PBS increased with the 
amount of BSA initially loaded into the microspheres. Furthermore for BSA 
concentrations of 5 and 10 µg/ml loaded into the microspheres, the release kinetics 
showed the same trend, indicating that the mechanism of BSA release was the same for 
these two concentrations (Table II).   
As described earlier, release of BSA from the as-prepared or heat-treated HA 
microspheres effectively ceased within 1?14 days. Taking the amount released after 14 
days as the final value, the data for the fractional amount of BSA released (?) as a 
function of time (t) were fitted by a least-squares regression analysis using software (Fig. 
10). For the microspheres heated for 5 h at 600?C (Fig. 10a), the fractional release data 





nkt??          (1) 
where k and n are constants, with the values k = 0.26 and n = 0.25 for this group (Table 
III). The coefficient of determination, R2, which represents the goodness of the fit to the 
data, was equal to 0.94.  The fractional release data for different concentrations of BSA 
loaded into the microspheres (5 and 10 mg/ml) lie on the same curve, indicating that the 
release mechanism was independent of the concentration.  
Figure 10b shows that the BSA release from the as-prepared HA microspheres 






???         (2) 
where the constants k = 0.96; c = 4.08, and n = 1.43 (R2 = 0.95). The fractional release 
data for these two groups lie on the same curve, indicating the same BSA release 
mechanism. Table III summarizes the constants in Eqs. 1 and 2 for the different groups of 
HA microspheres.  
Equation 1 was introduced to describe the general release of drugs and other 
solutes by diffusion from non-swellable polymer devices in the shape of slabs, spheres, 
cylinders, and discs [27]. The exponent n is characteristic of the shape of the device, with 
n = 0.43 for spheres of the same size. In the present work, using hollow HA microspheres 
with an external diameter in the range 106?150 µm, which were heated for 5 h at 600?C, 
the release data can be well fitted by Eq. 1 but the value of the exponent (n = 0.25) is 
smaller than the predicted value of 0.43. In comparison, the BSA release from the as-





fitted by Equation 1; this may indicate that the release is not controlled by a diffusion 
process, and that the release mechanism for these two groups of microspheres is different 
from that for the microspheres heated for 5 h at 600?C.    
The amount of BSA loaded into the HA microspheres was determined from the 
final cumulative amount released into the PBS, plus the amount remaining in the 
microspheres. For the as-prepared HA microspheres, the total BSA loading was ?50 mg 
per gram of HA microspheres. The cumulative amount released was ?22 mg per gram of 
HA microspheres, indicating that ?40% of the total amount of BSA initially loaded into 
the HA microspheres was released into the PBS. In the case of the HA microspheres 
heated at 600?C, the total amount of BSA loaded into the HA microspheres was 115~126 
mg per gram HA, of which ?35 mg (~30%) was released into the PBS.  
The results described above showed that only 30?40% of the BSA initially loaded 
into the HA microspheres was released into the PBS. The factors that limit the release of 
larger amounts of BSA into the PBS are not clear. However, it should be recalled that 
loading of the BSA solution into the hollow HA microspheres was assisted by a small 
pressure gradient, resulting from the application of a small vacuum to the system to 
remove the air from within the hollow HA microspheres. On the other hand, the release 
of the BSA into the PBS was driven by the concentration gradient of BSA between the 
HA microspheres and the PBS. As the concentration gradient decreased with time, the 
release of BSA became slower, and eventually ceased.  
The structure (conformation) of the BSA molecule is the subject of some 
controversy, but based on hydrodynamic experiments, BSA is reported to take up the 





axis, respectively [28]. The average pore size of the shell wall of the as-prepared HA 
microspheres was 13 ± 2 nm, approximately equal to the long dimension of the BSA 
molecules. As indicated above, during the loading step, the application of a small vacuum 
to the system produced a pressure difference between the surface and the interior of the 
hollow microspheres as the air was removed from the microspheres. This pressure 
difference, coupled with some alignment of the ellipsoidal BSA molecules during liquid 
flow, presumably facilitated the migration of the BSA molecules into the pores of the 
shell wall and into the hollow core.   
After the microspheres are filled, release of the BSA into a surrounding PBS 
medium (Fig.11) is controlled by their ability to diffuse through the pores of the 
microsphere wall down the BSA concentration gradient between the interior of the 
microspheres and the surrounding medium. Interaction between the functional groups of 
the BSA and the pore surfaces of the hollow HA microspheres could also influence the 
BSA release. The pH value of the PBS was 7.2, while the isoelectric point BSA is 
reported as 4.7, with a net surface potential of –18 mV at pH = 7.0 [28]. The isoelectric 
point of hydroxyapatite depends on a few factors, such as preparation method and 
composition, but it has been reported in the range of 7.4–8.0 [29]. Therefore, at pH = 7.2 
(the pH of the PBS), the HA surface should be almost neutral or should carry only a small 
positive surface charge. Electrostatic interaction between the oppositely-charged HA 






3.6  CONCLUSION 
Hollow hydroxyapatite (HA) microspheres (106?150 µm) with a hollow core 
diameter equal to 0.6 the external diameter and a mesoporous shell wall were prepared by 
a low temperature glass conversion route and evaluated as a device for controlled 
delivery of a model protein, bovine serum albumin (BSA). Both the hollow core and the 
mesopores of the shell wall were loaded with a solution of BSA. Release of the BSA 
from the as-prepared HA microspheres increased linearly time, and ceased after 24–48 h. 
The amount of BSA released from the microspheres and the duration of the release was 
varied by heat treating the as-prepared HA microspheres to modify their microstructure. 
For HA microspheres heated for 5 h at 600?C, 30?40% of the BSA initially loaded into 
the microspheres was released over 7?14 days. In general, the present results show 
promising potential for the application of these hollow HA microspheres as a device for 
controlled local delivery of proteins such as growth factors and drugs.  
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Table  I. Characteristics of as-prepared hollow HA microspheres formed by reacting 
Li2O?CaO?B2O3 glass microspheres (106?150 µm) in K2HPO4 solution, and after heat 
treatment under the temperature/time conditions shown  
Sample d/D Surface area (m2/g) Rupture strength* 
(MPa) 
As-prepared  0.61 ± 0.03 102 11 ± 6 
600?C/1 h 0.61 ± 0.03 21 17 ± 8 
600?C/5 h 0.62 ± 0.03 19 ? 
600?C/24 h 0.66 ± 0.02 14 23 ± 14 
700?C/5 h 0.73± 0.02 7 ? 
900?C/5 h 0.80± 0.02 2 30 ± 10 
The ratio of hollow core diameter to microsphere diameter, d/D; specific surface area, 
and rupture strength are shown.     








Table II.  Data for release of BSA from hollow HA microspheres into a medium of PBS. 
Sample BSA loading  
(mg BSA/g HA) 
BSA released  
(mg BSA/g HA)  
BSA released/ 
BSA loaded (%)  
Duration  
(days) 
As-prepared  56 22 44 1?2 
600?C/1 h 126 35 30 1?2 
600?C/5 h 119 35 30 7?14 
600?C/24 h 115 32 30 4?5 
700?C/5 h 19 2 ? <1 






Table III. Parameters of equations used to fit the BSA release data from the as-prepared 









? = ktn/(c + tn) 
 
k = 0.96; n = 1.43; c = 4.08; 
(R2 = 0.95) 600?C/1 h 5 
600?C/5 h 5 
? = ktn 
 
k = 0.26 ; n = 0.25 
(R2 = 0.94) 600?C/5 h 10 
600?C/24 h 5 ? = kt
n/(c + tn) 
 
k =1.20; n = 0.55; c=2.40; 







Figure 1. (a) Optical image of starting glass (CaLB3-15) microspheres, and SEM images 
of (b) external surface of hollow HA microsphere prepared by converting the glass 
microspheres for 48 h in 0.02M K2HPO4 solution at 37°C and pH = 9, (c) cross section of 







Figure 2.  (a) XRD patterns and (b) FTIR spectra of the starting glass microspheres, the 
as-prepared hollow HA microspheres, and the hollow HA microspheres heated for 5 h at 







Figure 3.  SEM images of the surface (left) and cross section (right) of the shell wall of 
hollow HA microspheres:  (a, b) as-prepared; (c, d) heated for 5 h at 600?C; (e, f) heated 








Figure 4.  SEM images of the surface (left) and cross section (right) of the surface layer 
of the hollow HA microspheres after heat treatment at 600?C for (a, b) 1 h; (c, d) 5h; (e, 
f) 24 h, showing coarsening of the pores and particles, and the formation of less porous 








Figure 5.  Optical images and SEM images (inset) of MC3T3-E1 cell morphology on 







Figure 6.  Optical images of the surface of (a) as-prepared HA microspheres (brightness 
enhanced to show microspheres (circles)), and (b) HA microspheres loaded with 
fluorescent FITC-labeled BSA. (Inset: cross section of microspheres loaded with FITC-








Figure 7.  Amount of BSA released from hollow HA microspheres into PBS, for the as-
prepared HA microspheres, and after heat treatment under the conditions shown. (The R2 









Figure 8.  Amount of BSA released from hollow HA microspheres heat treated at 600?C 
for the times shown (1?24 h). The data for BSA released from the as-prepared HA 










Figure 9.  Amount of BSA released from hollow HA microspheres heat treated at 600?C 
for 5h, for different concentrations of BSA loaded into the microspheres. (The R2 value 







Figure 10.  Least-squares regression fit to the data for the BSA release (as a fraction of 
the final amount released) vs. time: (a) Release from microspheres heated for 5 h at 
600?C for two different BSA loading (5 and 10 mg/ml); (b) Release from the as-prepared 








Figure 11.  Qualitative model illustrating the release of BSA from hollow HA 
microspheres into PBS medium. (Left): Cross section of HA microsphere showing BSA 
molecules (ellipsoids) located in the hollow core and mesoporous shell wall; (Right): 
Magnified view of an idealized pore in the shell wall and BSA molecules (ellipsoids). At 
the pH value of the PBS (7.2), the HA surface should have a small positive (+) charge 
(isoelectric point = 7.4?8.0), while the BSA molecules should have a negative (?) charge 









4. EVALUATION OF BSA PROTEIN RELEASE FROM HOLLOW HA 
MICROSPHERES INTO PEG HYDROGEL 
Hailuo Fu1, Mohamed N. Rahaman1, Roger Brown2, Delbert E. Day1 
1Department of Materials Science and Engineering, Missouri University of Science and 
Technology, Rolla, MO 65409, USA 
2Department of Biological Sciences; Missouri University of Science and Technology, 
Rolla, MO 65409, USA 
 
4.1 ABSTRACT 
Hollow hydroxyapatite (HA) microspheres with a mesoporous shell wall can 
provide a unique inorganic system for bone regeneration by simultaneously functioning 
as a device for local delivery of growth factors or drugs and as an osteoconductive 
matrix. In our previous work, the characteristics of the hollow HA microspheres and the 
release of a model protein (bovine serum albumin, BSA) from the microspheres into 
phosphate-buffered saline (PBS) were studied. In the present work, the release of BSA 
from similar HA microspheres into poly (ethylene glycol), PEG, hydrogel, used to mimic 
the extracellular matrix, was evaluated. BSA-loaded HA microspheres were placed in 
PEG solution which was rapidly gelled using ultraviolet radiation. The release of the 
BSA into PEG hydrogel, measured using spectrophotometry, was dependent on the initial 
BSA loading and on the HA microstructure, and was far slower than into PBS.  A total of 
35–40% of the BSA initially loaded into the microspheres was released into PEG over 
?14 days. The results indicate that these hollow HA microspheres have promising 
potential as an osteoconductive device for local delivery of proteins or drugs in bone 





Keywords: protein release; hydroxyapatite microspheres; bovine serum albumin; 
poly(ethylene glycol) hydrogel; controlled release 
 
4.2  INTRODUCTION 
The regeneration of bone lost as a result of trauma, bacterial infection of 
prosthetic implants, and diseases is a major problem in orthopaedic surgery. Local 
delivery of protein growth factors is often required for tissue regeneration [1,2], while 
local delivery of high doses of antibiotics is desirable in treating bone infections [3,4]. An 
ideal system for bone regeneration should simultaneously function as a controlled local 
delivery device for growth factors or drugs and as an osteoconductive matrix to support 
bone formation.  
Poly (methyl methacrylate) (PMMA) cement is widely used clinically as a carrier 
material for antibiotics in the treatment of bone infections [4]. However, PMMA is not 
biodegradable, and provides a surface upon which secondary bacterial infection can 
occur. Consequently, PMMA must be removed upon completion of the treatment in a 
further procedure. There has been considerable effort over the last three decades to 
develop alternative carrier materials to PMMA. Biodegradable polymers, natural or 
synthetic, are attractive because they reduce the potential risk of secondary infection and 
the avoidance of a second surgical procedure to remove foreign material. While collagen 
is the most widely used biodegradable carrier system for growth factors and antibiotics 
[5,6], the synthetic polymers, such as poly(lactic acid), PLA, and poly(glycolic acid), 
PGA, and their copolymers, poly(lactic co-glycolic acid), PLGA, have received 





well-controlled, reproducible chemical and physical properties [7–10]. They are also 
among the few synthetic biodegradable polymers approved by the Food and Drug 
Administration (FDA) for in vivo use.   
Inorganic biomaterials have been investigated as alternatives to the above-
mentioned polymeric carrier materials in the repair of hard tissues because they can more 
closely mimic the physical and chemical properties of bone [11,12]. Calcium sulfate 
hemihydrate, CaSO4.0.5H2O (plaster of Paris, POP), has been widely used as a 
biodegradable inorganic carrier, but POP has a limited ability to stimulate bone 
regeneration, high resorption rate, and rapid elution in vitro; in addition, its low 
mechanical strength prevents its application in load-bearing sites [13?15]. The calcium 
phosphates such as hydroxyapatite (HA), Ca10(PO4)6(OH)2, and beta-tricalcium 
phosphate (?-TCP), Ca3(PO4)2, are attractive because they can provide an 
osteoconductive matrix for bone regeneration plus a matrix to fill a bone defect [16–18].  
The delivery systems typically consist of porous particles, granules, or substrates in 
which the protein is adsorbed or attached to the surfaces of the porous material, or 
encapsulated within the pores [19–22]. A disadvantage of those materials is that the 
release rate of growth factors or antibiotics can be rapid.  
Inorganic–organic composites have been receiving increasing interest because 
they can take advantage of the properties of the different components to better control the 
release rate of growth factors and antibiotics. The composite carriers often include a 
microporous HA which provides for greater adsorption of growth factors or drugs, in 
addition to its osteoconductive properties [23]. Recently, composites of borate glass 





simultaneously eradicating bone infection (osteomyelitis) and regenerating bone in a 
rabbit tibial model [24,25].   
In our previous work [26], hollow HA microspheres were prepared using a novel 
glass conversion process [27], and their characteristics were investigated. The 
microspheres consisted of a hollow core and a high surface area, mesoporous shell of fine 
HA particles. Subsequent work showed that a model protein, bovine serum albumin 
(BSA) can be loaded into the microspheres and that the release rate of the BSA into a 
phosphate buffered saline (PBS) can be controlled by modifying the microstructure of the 
shell wall by a controlled heat treatment [28]. 
This work is a continuation of our previous work to evaluate release of BSA from 
hollow HA microspheres into a surrounding medium of poly (ethylene glycol), PEG, 
hydrogel. Hydrogels provide a mimicked environment of the extracellular matrix [29–
31], and they have been widely used as a scaffold in tissue engineering. While it is not 
biodegradable, PEG is used as model photopolymerizable hydrogel. As described 
previously, BSA was used as a model protein [28]. HA microspheres loaded with BSA 
were placed in a PEG solution and following photopolymerization with UV radiation, the 
release of BSA into the PEG was determined as a function of time.  
 
4.3  EXPERIMENTAL PROCEDURE 
4.3.1  Preparation and Characteristics of Hollow HA Microspheres.  
The preparation of hollow HA microspheres by a glass conversion process is 
described in detail elsewhere [26]. Two groups of microspheres were used in this work: 





?m) with the composition 15CaO, 10.6 Li2O, 74.4 B2O3 (wt%) (designated CaLB3-15) 
for 2 days in 0.02 M K2HPO4 solution at 37?C, followed by drying for at least 24 h at 
90?C, and (2) heat-treated microspheres formed by heating the as-prepared HA 
microspheres for 5 h at 600?C. The characteristics of the two groups of microspheres are 
summarized in Table I. These two groups of HA microspheres were used because they 
showed a large difference in BSA release kinetics into PBS in our previous work [28].  
For ease of measuring the BSA release in the present work, the hollow HA 
microspheres were lightly bonded at their contact points to form thin discs (4.5 mm in 
diameter ? 1.5 mm) with a mass of 10 mg each. The discs were prepared by pouring the 
borate glass microspheres into a graphite die, heating the system for 1 h at 560?C to 
lightly bond the glass microspheres at their contact points, and reacting the disc under the 
conditions described above to convert the glass into hollow HA microspheres.  
4.3.2  Loading BSA into Hollow HA Microspheres.  
Fluorescein isothiocyanate-labeled bovine serum albumin, referred to as FITC-
BSA (molecular weight = 66 kDa; Sigma-Aldrich, St. Louis, MO) was used in order to 
permit visual observation and spectrophotometric measurement of the BSA released from 
the disc of microspheres. Ten disks of hollow HA microspheres (mass =10 mg each) 
were immersed in 2 ml of a solution consisting of 5 mg of FITC-BSA per ml of PBS. A 
small vacuum was applied to the system to remove air trapped within the microspheres, 
thereby assisting the incorporation of the FITC-BSA into the microspheres. When the 
removal of air bubbles from the microspheres had ceased (as determined visually), the 
discs loaded with FITC-BSA were washed with deionized water twice and dried in air at 





4.3.3  Measurement of BSA Release Kinetics From Hollow HA Microspheres 
into PEG Hydrogel.  
Each disc of hollow HA microspheres, loaded with FITC-BSA as described above, 
was immersed in a solution (1 or 2 ml) of poly(ethylene glycol diacrylate), (molecular 
weight = 3.4 kDa; Laysan Bio Inc., Arab, AL) in a 12- or 24-well plate. The system was 
placed for 5 minutes under an ultraviolet lamp (365 nm; Glo-Mark Systems, NY) to 
crosslink the polymer to form a gel (referred to as PEG hydrogel), sealed with a plate 
sealer, and stored at room temperature in the dark. At selected times, the samples were 
removed from the dark, and optical images of the fluorescent FITC-BSA were taken. The 
amount of FITC-BSA released into the PEG hydrogel, at specific distances from the 
circumference of the HA disc, was also measured in a BMG FLUORstar Optima plate 
reader using an excitation wavelength of 490 nm and an emission wavelength of 520 nm. 
Each well of a 12-well plate contained an HA disc in 2 ml PEG hydrogel; at each selected 
time, the amount of BSA at different positions in each well was measured in the BMG 
FLUORstar Optima plate reader using 96-well plate reading program. The concentration 
of FITC-BSA was determined from a calibration curve determined from measurements of 
the fluorescent intensity of PEG containing known concentrations of FITC-BSA.  
 
4.4  RESULTS 
4.4.1  Microstructure of HA Microspheres.  
Figure 1a shows an optical image of a disc (4.5 mm in diameter ? 1.5 mm) 
composed of hollow HA microspheres; an SEM image (Fig. 1b) shows that the HA 
microspheres were bonded at their contact points. The disc is estimated to have a porosity 





cross section of the two groups of hollow HA microspheres used in this work, as-
prepared and heat treated for 5 h at 600?C, are shown in Fig. 2. As-prepared, the surface 
of the microspheres consisted of a mesoporous structure of fine, plate-like (or needle-
like) HA particles (Fig. 2a-inset), while the cross section (Fig. 2a) shows that the shell 
wall consisted of two distinct layers differing in porosity. The heat treatment for 5 h at 
600?C did not produce a measurable change in the porosity of the hollow HA 
microspheres, but resulted in a marked change in the surface microstructure (Fig. 2b-
inset). The particles in the surface layer have a more rounded morphology, with a size 
<50 nm. Except for coarsening, little change in the microstructure of the inner layer of 
the shell wall was observed (Fig. 2b). The characteristics of the as-prepared and heat-
treated HA microspheres used in this work are presented in Table 1. 
4.4.2  Release Kinetics of BSA from Hollow HA Microspheres into PEG 
Hydrogel.  
Figure 3 shows the BSA release kinetics from the HA microspheres loaded with 
FITC-BSA into a surrounding medium of PEG hydrogel, for the as-prepared and heat-
treated HA microspheres. The figure also shows a schematic diagram of the HA 
microspheres (disc) and the position (center of the hydrogel) at which the BSA 
concentration was determined. Initially, for the first 4–5 days, there was no difference in 
the amount of BSA released from both groups of HA microspheres. After this initial 
period, the BSA released from the as-prepared microspheres slowed considerably, and 
almost ceased after 5–7 days. The total amount of BSA released was ?25 µg per ml of 





?14 days, after which time it slowed markedly. The total amount of BSA released after 
14 days was ?37µg/ml.  
Optical fluorescent images, taken at different times, of the PEG medium surrounding 
a disc of heat treated HA microspheres loaded with FITC-BSA are shown in Fig. 4. The 
intensity of green color is an indication of the amount of the FITC-BSA released. As 
shown, little fluorescence can be observed in the first 1–2 h, but the intensity of the green 
color becomes very noticeable after 3–4 h, and increased at longer times. The images 
provide visual evidence for the release of FITC-BSA from the HA microspheres into the 
PEG hydrogel. 
The amount of BSA released into the PEG at three different distances from the 
edge of the HA disc is shown in Fig. 5 as a function of time. The disc was composed of 
the heat-treated HA microspheres, and the BSA concentration in the PEG hydrogel was 
measured near the edge of the disc (position A); 4.5 mm from the edge (B), and 13.5 mm 
from the edge (C). The BSA concentration at these 3 positions showed a markedly 
different dependence on time. Near the edge of the disc (A), the BSA concentration in the 
PEG increased rapidly in the first 2 days, remained nearly constant (?38 µg/ml) during 
days 2–5, then decreased gradually in the next 3 days to ?35 µg/ml, and remained nearly 
stable at this concentration for up to 2 weeks. At position B, the BSA concentration 
increased continuously, with a decreasing slope, and reached a value of ?32 ?g/ml after 
the two-week duration. The BSA concentration at position C initially increased far more 
slowly than that at B in the first 2–3 days, but then showed an almost linear increase with 
time in the next 8–10 days, after which the concentration increased slowly to ?33 ?g/ml 





4.5  DISCUSSION 
The present system, consisting of protein-loaded hollow HA microspheres 
dispersed in a hydrogel, can provide an approach for controlled local delivery of growth 
factors or drugs and an osteoconductive matrix for bone regeneration in a single device. 
The in vitro results obtained in the present study for BSA release from the hollow HA 
microspheres in a PEG hydrogel show considerable promise for the eventual use of these 
hollow HA microspheres in bone repair applications.  
The PEG hydrogel, as described earlier, provides a mimicked environment of the 
extracellular matrix. When compared to the results from our previous work for the release 
of BSA from similar HA microspheres into PBS [28], the present results for BSA release 
into the PEG hydrogel showed similarities and differences (Fig. 3). For the same group of 
HA microspheres, the BSA release into the PEG was far slower initially. However, later 
in the process when BSA release essentially ceased, the total amount released into the 
PEG was approximately the same as that into PBS. For example, the BSA release from 
the as-prepared HA microspheres into PBS increased rapidly and ceased within 1–2 days. 
In comparison, the release into the PEG increased more slowly and ceased after ?7 days. 
The total amount of BSA released into the PEG (?25 ?g/ml) was approximately the same 
as that released into PBS. For the heat-treated HA microspheres (600?C/5h), the BSA 
release into the PEG was initially slower than that into the PBS; however, after ?7 days 
the release into the PEG continued to increase at approximately the same rate as that into 
the PBS. The total amount of BSA released from the heat-treated microspheres into the 





Because of the ease of diffusion in a liquid, the release of the BSA into the PBS is 
expected to be controlled by diffusion through the mesoporous shell wall of the HA 
microspheres and presumably, by desorption from the pore surface of the HA 
microspheres. In comparison, the BSA release into the PEG is expected to be controlled 
by the diffusion/desorption process in the PBS system as well as by diffusion through the 
PEG hydrogel. The relationship between the diffusion coefficient of a solute in a gel (Dg) 



















rDD slg       (1) 
where rs is the radius of the solute, ? is the scaling correlation length between crosslinks, 
y > 0 is a parameter related to the critical volume required for a successful translational 
movement of the solute molecule and the average free volume per molecule of the liquid, 
and ? (0 < ? < 1) is the volume fraction of polymer in hydrogel. Since the solute 
transport within a hydrogel occurs primarily within the water-filled regions delineated by 
the polymer chains, ? must be larger than rs to provide enough space for the movement of 
the solute, that is rs/? < 1,  and 0 < (1 – rs/?) < 1. The term exp[?y ?/(1 ? ?)] is always 
less than 1 since y > 0 and 0 < ? < 1. Therefore, Equation (1) predicts that Dg/D0 < 1, and 
the diffusion rate in the PEG hydrogel is always smaller than the diffusion rate in the PBS 
solution. 
Since the release of the BSA into the PEG hydrogel is controlled by diffusion 
through the mesoporous shell wall of the HA microspheres and by diffusion through the 





HA disc as well as the time. Figure 5 shows that release of BSA close to the edge of the 
HA disc was initially rapid, reaching a value of ?35 ?g/ml after day 1; however, the total 
amount of BSA released at this position changed by less than ±5% between day 1 and 
day 7, and remained nearly constant at longer times. This indicated that after day 1, the 
amount of BSA released near the edge of the HA disc is approximately constant. 
Therefore, after day 1, the diffusion away from the edge of the HA disc is approximately 
balanced by the diffusion of BSA out of the HA microspheres. In comparison, the amount 
of BSA at position B (4.5 mm from the edge of the HA disc) increased approximately as 
t1/2, where t is the time, while the amount of BSA at position C (13.5 mm from the edge 
of the HA disc) increased approximately linearly with t. 
As described above, after day 1 the BSA concentration near the edge of the disc 
of hollow microspheres (position A) remained approximately constant as a function of 
time (Fig. 5), while the concentration at position B (4.5 mm from the edge of the disc) 
and position C (13.5 mm from the edge of the disc) increased with time as the BSA 
molecules diffused down the concentration gradient (from A to C). The diffusion 
coefficient of the BSA molecules in the PEG hydrogel can be estimated from the 
measured time-dependent concentrations at B and C. By approximating the system to a 
semi-infinite source with a constant concentration Co for x< 0 in contact with a semi-
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where D is the diffusion coefficient and erfc is the error-function complement. By 





found from the slope = 1/[2(Dt)1/2]. Figure 6 shows the plots for t = 48 h and t = 96 h, 
from which D was found to be 1.7 mm2/h (48 h) and 2.3mm2/h (96 h). 
 In the present study, the hollow HA microspheres were bonded at their contact 
points into small discs (Fig. 1) for ease of manipulation and for ease of measuring the 
BSA release from the microspheres into the PEG hydrogel by a spectrophotometric 
method. However, it is expected that the loose microspheres will also provide an 
attractive system for biomedical applications. For example, loose HA microspheres 
loaded with a growth factor can be packed into a bone defect to regenerate bone by 
osteoconduction and osteoinduction. In addition, the HA microspheres can fill the defect 
and integrate with new bone. Growth factor-loaded HA microspheres can also be 
dispersed in a biodegradable hydrogel can be injected into a bone defect and hardened in 
situ by ultraviolet radiation or by thermal methods. The present in vitro study showed that 
these hollow HA microspheres can serve as a device for controlled delivery of BSA into 
a PEG hydrogel that was used to mimic the extracellular matrix. Current work is aimed at 
investigating the release of an actual growth factor (TGF-?) from the HA microspheres in 
vitro, and the use of TGF-loaded HA microspheres for repairing bone defects in vivo.    
 
4.6 CONCLUSION 
In vitro evaluation of BSA release from hollow HA microspheres into a PEG 
hydrogel provided experimental support for the potential use of the HA microspheres as 
an osteoconductive device for controlled local delivery of proteins such as growth factors 
and drugs. The BSA release kinetics into the PEG hydrogel was far slower than the 





the final amount of BSA released into the PEG was approximately the same as that 
released into PBS. The BSA release kinetics into the PEG was dependent on the 
microstructure of the shell wall of the HA microspheres. Approximately 40% of the BSA 
initially loaded into the HA microspheres was released from as-prepared HA 
microspheres after ?7 days when release of the BSA ceased. In comparison, BSA release 
from heat-treated HA microspheres (600?C/5h) increased continuously, and reached a 
total value of 37% after 14 days.  
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Table I. Characteristics of as-prepared hollow HA microspheres formed by reacting 
Li2O?CaO?B2O3 glass microspheres (106?150 µm) in K2HPO4 solution, and after heat 
treatment under the temperature/time conditions shown. The ratio of hollow core 
diameter to microsphere diameter, d/D; specific surface area and rupture strength are 
shown. 
Sample d/D Surface area (m2/g) Rupture strength* (MPa) 
As-prepared 0.61 ± 0.03 102 11 ± 6 
600?C/5 h 0.62 ± 0.03 19 19 ± 11 







Figure 1. Microstructure of thin disk consisting of hollow HA microspheres bonded at 
their contact points. (a) optical image of thin disk with hollow HA microspheres; (b) 








Figure 2. SEM images of the cross section and surface (insert) of the shell wall of hollow 






Figure 3. Release of BSA from a disc of hollow HA microspheres into PEG hydrogel as 
a function to time measured at the position indicated, approximately 4.5 mm from the 
edge of the disc. For comparison, the BSA release from similar HA microspheres into 







Figure 4. Optical images of BSA released from hollow HA microspheres (600?C/5 h) 
into PEG hydrogel at different times. The intensity of the green fluorescence is an 







Figure 5. Amount of BSA released from disc of hollow HA microspheres (600?C/5 h) 
into PEG hydrogel at the different positions shown (A: near the edge of the HA disc; B: 









Figure 6. Plot of the argument of the complementary error function, argerfc (C/Co), vs. 
distance (x) from the edge of the HA disc, for the BSA release data from the disc of HA 
microspheres (600?C/5 h) into PEG hydrogel after t = 48 h and t = 96 h. The diffusion 
coefficient for the BSA molecules in the hydrogel was determined from the slope of each 
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5.1 ABSTRACT 
Scaffolds for bone regeneration should ideally serve simultaneously as an 
osteoconductive matrix and as a device for local growth factor delivery. In this work, 
implants composed of hollow hydroxyapatite (HA) microspheres with a mesoporous shell 
wall were created and evaluated for their ability to regenerate bone in non-healing rat 
calvarial defects. Three-dimensional (3D) scaffolds composed of hollow HA 
microspheres (Group 1) were created by thermally bonding borate glass microspheres 
(106–150 ?m) into a porous 3D construct, conversion in an aqueous phosphate solution 
at 37?C, and thermal treatment (5 h at 600?C). For comparison, individual hollow HA 
microspheres (Group 2) were created using the same process but without thermal bonding 
of the glass microspheres. Bone regeneration increased significantly in Group 1 and 
Group 2 implants with increase in the implantation time from 6 to 12 weeks; bone 





than in Group 1 (HA scaffold) (15%) after 12 weeks. Loading with TGF–?1 (5µg/defect) 
enhanced bone regeneration in both Group 1 and Group 2 implants after 6 weeks, but had 
little effect after 12 weeks. Group 1 and Group 2 implants composed of hollow HA 
microspheres of larger size (150–250 ?m) showed better ability to regenerate bone. 
Based on these results, implants composed of hollow HA microspheres show promising 
potential as an osteoconductive matrix for local growth factor delivery in bone 
regeneration.  
Keywords: bone regeneration; hollow hydroxyapatite microspheres; scaffolds; rat 
calvarial defect model; transforming growth factor–?1.  
 
5.2 INTRODUCTION 
Bone repair is a complex cascade of biological events controlled by numerous 
cytokines and growth factors that provide signals at local injury sites, allowing 
progenitors and inflammatory cells to migrate and trigger healing processes. An ideal 
implant for bone regeneration should therefore function simultaneously as an 
osteoconductive matrix and a device for local growth factor delivery. The success of this 
strategy is highly dependent on the properties of the scaffold material (such as 
biocompatibility, osteoconductivity, and degradation rate) and on the scaffold 
architecture (such as porosity, pore size, and surface morphology. 
Calcium phosphates such as hydroxyapatite (HA), Ca10(PO4)6(OH)2, and beta-
tricalcium phosphate (?-TCP), Ca3(PO4)2, composed of the same ions as the main mineral 
constituent of bone, are attractive implant materials for bone regeneration because they 





reactions [1–3]. These calcium phosphates also have a high affinity for proteins, such as 
the growth factors bone morphogenetic protein-2 (BMP-2) and transforming growth 
factor-? (TGF-?) [4] which are known to stimulate the proliferation and differentiation of 
osteoprogenitor cells [5]. Consequently, they can provide attractive carrier materials for 
growth factors and stem cells without a surface chemical modification that is sometimes 
required for polymers [6].  
Methods used to produce synthetic HA include precipitation [7], hydrothermal 
[8], hydrolysis [9], mechanochemical [7], and sol–gel [10]. Commonly, synthetic HA 
implants are formed by first preparing nano- or micro-sized HA particles and then 
forming them into different morphologies or architectures. HA in the form of porous 
scaffolds, substrates, or granules has been widely researched and used for biomedical 
applications, such as periodontal, oral, and maxillofacial surgery, and skeletal 
reconstruction [11]. As a substrate for growth factor delivery, the growth factor is 
commonly adsorbed or attached to the surfaces of the porous HA material [1–3, 12]. 
Macroporous HA scaffolds have limited ability to serve as devices for local growth factor 
delivery because of their low surface area; nano- or micro-sized HA particles, porous 
granules, or porous substrates with higher surface area provide more effective devices.  
Hollow HA microspheres with a mesoporous, high surface area shell wall can 
potentially provide greater capacity for more sustained release because the growth factor 
can be incorporated in the mesoporous porous shell as well as within the hollow core. 
While release of the growth factor from the shell could presumably be controlled by 






 diffusion through the mesoporous shell, which provides an additional mechanism for 
more sustained release.  
Hollow HA microspheres with high surface area (>100 m2/g) and a mesoporous 
shell wall have been prepared by a glass conversion process, in which borate glass 
microspheres are converted in an aqueous phosphate solution near room temperature [13–
15]. Hollow HA spheres of small diameter (~500 nm) have been prepared by a solution-
based method [16], in which calcium and phosphate ions were reacted in a solution and 
aged at 60oC or 100oC for 1–7 days. Hollow HA spheres of larger diameter (1.5–2 mm) 
have been prepared by coating chitin microspheres with a composite layer of chitin and 
HA, followed by thermal decomposition of the chitin and sintering of the porous HA 
shell [17]. In our previous work, hollow HA microspheres (diameter in the range 106–
250 ?m) were prepared by a glass conversion process described above, and their 
microstructures were characterized in detail [18]. In subsequent work, the ability of the 
hollow HA microspheres to serve as a device for controlled delivery of a model protein 
(bovine serum albumin) was evaluated [19]. 
The objective of the present work was to evaluate the ability of implants 
composed of hollow hydroxyapatite (HA) microspheres with a mesoporous shell wall to 
regenerate bone in non-healing rat calvarial defects. Implants composed of (1) hollow 
HA microspheres (106–150 ?m) thermally bonded into a porous three-dimensional (3D) 
construct, or (2) individual hollow HA microspheres were evaluated after implantation 
for 6 and 12 weeks. The effects of loading the implants with TGF-?1 and increasing the 






5.3 MATERIAL AND METHODS 
5.3.1  Fabrication of Constructs Composed of Hollow HA Microspheres. 
Two groups of implants were created and evaluated in the present work. Group 1 
implants consisted of porous scaffolds in which hollow HA microspheres were bonded at 
their contact points into a 3D network. In comparison, Group 2 implants were composed 
of individual hollow HA microspheres. Group 1 implants were prepared by thermally 
bonding solid borate glass microspheres into a porous 3D network, reacting the 3D 
construct in an aqueous phosphate solution to convert the glass microspheres into hollow 
HA microspheres, and finally thermally treating the converted construct to improve its 
strength. Group 2 implants were prepared using the same process but without thermally 
bonding the starting glass microspheres.  
The starting borate glass (composition in wt%: 15CaO, 10.63 Li2O, 74.37 B2O3; 
designated CaLB3-15) was prepared by melting Reagent grade CaCO3, Li2CO3 and 
H3BO3 (Alfa Aesar, Haverhill, MA, USA) in a Pt crucible at 1200ºC for 45 min, and 
quenching the melt between cold stainless steel plates to prevent crystallization of the 
glass. Particles of size 106–150?m and 150–250?m were obtained by grinding the glass 
using a Spex mill (Model 8500, Spex SamplePrep LLC, Metuchen, N.J. USA), and 
sieving the ground particles through 140, 100, and 60 mesh stainless steel sieves. The 
glass particles were formed into microspheres by allowing then to fall vertically through 
a heated tube furnace, as described in detail elsewhere [14]. Porous constructs with the 
shape of a cylinder (6 mm in diameter ? 5 mm) for mechanical property evaluation, and 
with the shape of a disc (4.6 mm in diameter × 1.5 mm) for implantation, were prepared 





560?C. The sintering conditions were selected on the basis of data for the glass transition 
and crystallization temperatures of the glass obtained from differential thermal analysis 
(DTA), coupled with trial and error. DTA (model DTA-7; Perkin-Elmer Corporation, 
Norwalk, CT, USA) was carried by heating the glass powder in air at 10°C/min to 
1000°C. 
Constructs composed of hollow HA microspheres were obtained by reacting the 
glass constructs for 7 days in 0.02 M K2HPO4 solution at 37°C and with a starting pH of 
9.0. The converted constructs were washed three times with distilled water, then twice 
with ethanol, and dried overnight at room temperature. The dried constructs were heated 
for 5 h at 600°C to improve their strength. 
5.3.2  Characterization of As-fabricated HA Constructs and Microspheres.  
The microstructure of the surface and cross section of the 3D scaffolds and 
individual HA microspheres was examined using scanning electron microscopy, SEM 
(S4700; Hitachi, Tokyo, Japan) at an accelerating voltage of 10 kV and a working 
distance of 12 mm. Liquid extrusion porosimetry (Model LEP-100-A; Porous Materials 
Inc., Ithaca, NY) and the Archimedes method were used to measure the porosity and pore 
size distribution of the macropores in the 3D scaffolds. The HA microsphere shell in the 
3D scaffolds had similar mesoporosity to the shell in the individual HA microspheres, 
which was characterized in previous work [18].  
3D scaffolds (6 mm in diameter ? 5 mm) composed of hollow HA microspheres 
were tested in compression at a rate of 0.5 mm/min in a mechanical testing machine 





samples were tested, and the compressive strength was expressed as a mean ± standard 
deviation.  
5.3.3  Response of Cells to HA Scaffolds.  
The biocompatibility of the as-fabricated HA scaffolds was assessed by 
evaluating their ability to support the proliferation of cells in vitro. Murine MLO-A5 
cells, an established post-osteoblast/pre-osteocyte cell line kindly provided by Professor 
Lynda F. Bonewald, University of Missouri-Kansas City, were cultured in ?-MEM 
supplemented with 5% fetal calf serum (FCS) and 5% newborn calf serum (NCS) plus 
100 U/ml penicillin on a collagen-coated plate (rat tail collagen type I; 0.15 mg/ml). All 
cell cultures were maintained at 37 °C in a humidified atmosphere of 5% CO2 with the 
medium changed every 2 days.  
MLO-A5 cells (30,000 cells) were seeded on disc-shaped scaffolds (6 mm ? 2 
mm) and cultured in normal medium. The medium was replaced every 2 days. After 
incubation for 2, 4, and 6 days, the scaffolds were washed gently twice with PBS, and the 
cells were lysed using two freeze–thaw cycles (–80/37 °C) with 500 ?l of 1% Triton X-
100 in PBS. Aliquots of the lysate were placed in a 96-well plate for spectrophotometric 
measurement of alkaline phosphatase (ALP) activity with p-nitrophenyl phosphate (p-
NPP) substrate as described elsewhere [20]. The values of ALP activity were normalized 
with respect to the total protein content obtained from the same cell lysate and expressed 
as nanomoles of pNP formed per microgram of protein per min. Total protein content 
was determined using a micro-BCA Protein Assay kit (Pierce Biotechnologies, Rockford, 





5.3.4  RhTGF-?1 Loading and Release.  
Scaffolds (discs) composed of hollow HA microspheres were loaded with 
transforming growth factor ?-1 (TGF-?1; Peprotech), and used to study the release 
kinetics of TGF-?1 in phosphate-buffered saline (PBS). Each scaffold (10 mg) was 
placed on a Teflon sheet and 20 µl of 1% solution of bovine serum albumin (BSA) was 
placed on the scaffold. The system was dried overnight to produce a BSA coating on the 
pore surface of the scaffold. The BSA-coated scaffold was loaded with TGF-?1 by 
dropping 10 µl of TGF-?1 solution (concentration = 5 ng per µl of solution) on the 
scaffold and applying a small vacuum to the system to replace the air in the HA 
microspheres with the TGF-?1 solution. After drying, the TGF-loaded scaffold was 
placed in PBS (2 scaffolds in 2 ml PBS). The samples were incubated while shaking at 
37oC and at selected times (10 h, 1 d, 2 d, 3 d, 5 d, 7 d), 50 ?l of the PBS was removed 
for testing. Control samples containing a known amount of TGF-?1 in a buffer were also 
incubated at 37oC. The amount of TGF-?1 present in the release buffer was determined 
by an enzyme-linked immunosorbent assay (ELISA) kit. The concentrations of the 
unknown samples were quantified relative to a TGF-?1 standard curve run on the same 
plate. 
5.3.5  Animals and Surgery.  
All animal experimental procedures were approved by the Missouri University of 
Science and Technology Animal Care and Use Committee, in compliance with the NIH 
Guide for Care and House of Laboratory Animals (1985). Thirty Sprague Dawley rats (3 
months old; 350 ± 30g) were housed in the animal care facility and acclimated to diet, 





of ketamine and xylazine (0.15 ?l per 100 g). The surgical area was shaved, scrubbed 
with 70% ethanol, and then draped. With sterile instruments and aseptic technique, a 
cranial skin incision was sharply made in an anterior to posterior direction along the 
midline. The subcutaneous tissue, musculature and periosteum were dissected and 
reflected to expose the calvarium. Bilateral full-thickness defects 4.6 mm in diameter 
were created in the central area of each parietal bone using a 4.6 mm outer diameter 
trephine attached to an electric drill. The sites were constantly irrigated with sterile PBS 
to prevent overheating of the bone margins and to remove the bone debris.  
The calvarial defects were implanted with 6 groups composed of hollow HA 
microspheres: 
(1) 3D scaffolds (discs) composed of 106–150 ?m microspheres;  
(2) individual microspheres (106–150 ?m);  
(3) 3D scaffolds (discs) composed of 106–150 ?m microspheres loaded with TGF-?1 (5 
?g/defect); 
(4) individual microspheres (106–150 ?m) loaded with TGF-?1 (5 ?g/defect); 
(5) 3D scaffold (disc) composed of 150–250 ?m microspheres;  
(6) individual microspheres (150–250 ?m) 
The defects were randomly implanted with 5 implants per group, but mixing of implants 
with or without TGF-?1 in the same animal was avoided. Defects left empty served as 
negative control. Each animal received an intramuscular injection of ~200 µl penicillin 
and ~200 µl buprenorphine post-surgery. The animals were monitored daily for condition 





weeks, the animals were sacrificed by CO2 inhalation, and the calvarial defect sites with 
surrounding bone and soft tissue were harvested.  
5.3.6  Histology.  
The calvarial samples consisting of the defect sites with surrounding bone and 
soft tissue were washed with PBS solution and fixed in 10% formalin solution for 5 days. 
The fixed tissue samples were each cut into two parts; half of each sample was for 
paraffin embedding and the other half for methyl methacrylate embedding. The samples 
for paraffin sections were decalcified for 4 weeks in ethylenediaminetetraacetic acid 
(EDTA) (14 wt%) under mild agitation on a rocking plate. After the samples were 
dehydrated in ethanol and embedded in paraffin using standard histological techniques, 5 
?m thick sections were cut and stained with hematoxylin and eosin (H&E). The 
undecalcified samples were dehydrated through a graded series of ethanol solutions, and 
embedded in methyl methacrylate. Sections were ground to a thickness of 30–40µm 
using a micro grinding system (EXAKT 400CS, Norderstedt, Germany), and stained 
using the von Kossa technique to observe mineralization.  
5.3.7  Histomorphometric Analysis.  
Stained sections were examined in a transmitted light microscope (Model BX51; 
Olympus America, Center Valley, PA) fitted with a digital color camera (Model DP71; 
Olympus). Images were analyzed on a computer using the Image J software. Sections 
stained with H&E were used to analyze the percentage of new bone formed within the 
defect. The newly formed bone was identified by outlining the edge of the defect, with 
the presence of original and new bone being identified by lamellar and woven bone, 





including the entire implant and tissue within it, to the other edge of the old bone. The 
newly formed bone within this area was then outlined and measured; the amount of new 
bone was expressed as a percentage of the total defect area.    
5.3.8  Statistical Analysis.  
Measurements (n = 5) of percentage new bone were expressed as a mean ± 
standard deviation. Analysis for differences between groups was performed using one-
way analysis of variance (ANOVA) with Tukey’s post hoc test; differences were 
considered significant for p< 0.05. 
 
5.4  RESULTS 
5.4.1  Microstructure and Properties of Implants.  
The DTA pattern (Fig. 1) of the starting borate glass used to prepare the HA 
implants showed an onset of the glass transition at ?525°C, and two crystallization events 
with onset temperatures of ?645°C and ?700°C, respectively. Since one objective of the 
scaffold fabrication process was to bond the glass spheres into a 3D network by viscous 
flow sintering without crystallization of the glass, the DTA pattern indicated a sintering 
temperature in the range 525–645°C. Experiments showed that sintering for 1 h at 560°C 
provided adequate scaffold strength for subsequent use without measurable 
crystallization of the glass; consequently, these sintering conditions were used to prepare 
3D constructs of the glass microspheres. 
Figure 2 shows SEM images of a 3D construct composed of thermally-bonded 
borate glass microspheres (Fig. 2a, b) and a scaffold composed of hollow HA 





The diameter of the starting glass microspheres was 150–250?m. The conversion of the 
glass microspheres to HA was pseudomorphic, with little change in the external 
dimensions of the glass microspheres (or the 3D construct), and the HA microspheres 
remained bonded together in a 3D network. The cross section confirmed that the HA 
microspheres in the 3D constructs were hollow. (Because each HA microsphere is 
sectioned at a different depth along its diameter, the hollow core diameter can vary in the 
planar section). Images of hollow HA microspheres formed under the same conditions 
showed that the ratio of the hollow core diameter to the external diameter was 0.61 ± 
0.03. High magnification SEM images (Fig. 2e, f) showed that the shell of the hollow HA 
microspheres was mesoporous, with a microstructure similar to that of individual HA 
microspheres formed under the same conversion conditions.   
The SEM images (Fig. 2) showed that the porosity in the 3D scaffold consisted of 
macropores between the HA microspheres (arrows) and mesopores in the HA shell, in 
addition to the porosity in the hollow cores of the microspheres. The volume of the 
macropores determined by the Archimedes method were 34 ± 3% for scaffolds composed 
of 106–150 ?m microspheres, and 38 ± 4% for those composed of 150–250 ?m 
microspheres. Porosimetry showed that scaffolds composed of 106–150 ?m microspheres 
had pore sizes in the range 10 – 100 ?m, with an average of 65 ?m (Fig. 3); in 
comparison, scaffolds composed of 150–250 ?m microspheres had pore sizes in the range 
30–150 ?m, with an average of 100 ?m. The shell of the hollow HA microspheres was 
?60% porous, with pores of average size = 10 nm (measured using nitrogen adsorption). 
The compressive strength of the 3D scaffolds was 1.6 ± 0.4 MPa. For comparison, 





work, was 17 ± 8 MPa. The characteristics of the 3D scaffolds and individual HA 
microspheres are summarized in Table I.  
5.4.2  Biocompatibility of HA Scaffolds.  
Results of the quantitative assay of total protein and alkaline phosphatase (ALP) 
activity in MLO-A5 cell lysates recovered from the hollow HA scaffolds after incubation 
times of 2, 4, and 6 days are shown in Fig. 4. The amount of protein recovered from the 
scaffolds showed an increase in cell proliferation during the 6 day incubation, a finding 
that complements SEM images of the cell morphology on the scaffolds (results not 
shown). The ALP activity increased during the 6 day incubation, which indicated that the 
cells were able to carry out an osteogenic function in the scaffolds. In general, the 
increase in cell proliferation and ALP activity during the six-day incubation confirmed 
the biocompatibility of the HA scaffolds created in this work.   
5.4.3  Release of TGF-?1 from Hollow HA Microspheres.  
Figure 5 shows the release of TGF-?1 from 3D scaffolds composed of hollow HA 
microspheres (106–150 ?m) into PBS. The release was initially rapid, with ?25% of the 
TGF-?1 initially loaded into the scaffold released during the first 12 hours. This initial 
burst release was followed a slower, more sustained release over the next 2 days, after 
which the release almost ceased. After 7 days, the total amount of TGF-?1 released into 
the PBS was ?30% of the original amount loaded into the microspheres.  
5.4.4  Bone Regeneration.  
H&E and von Kossa stained sections of HA implants composed of 3D scaffolds 
(Group 1) and individual microspheres (Group 2), as well as for Group 1 and Group 2 





weeks in rat calvarial defects. (The size of HA microsphere in these implants was 106–
150 ?m.) For Group 1 and Group 2 scaffolds (without TGF-?1), bone regeneration was 
limited mainly to the edges of the implants, with some bone bridging along the top and 
bottom of the implants (Fig. 6A1–C1; A3–C3). The majority of the defect was filled with 
fibrous connective tissue (light blue in H&E stained sections). Total bone regeneration in 
Group 2 (individual microspheres) (12%) was significantly higher than in Group 1 (3D 
scaffold) (3%) (Fig. 7).  
Bone regeneration was significantly enhanced in both implant groups loaded with 
TGF-?1 after the six-week implantation (Fig. 6A2–C2; A4–C4); bone regeneration 
increased from 3% to 9% in Group 1 and from 12% to 19% in Group 2 (Fig. 7). For both 
groups, new bone formation was observed at the edges, with bone bridging along the top 
and bottom of the implants, as well as within the implant. In Group 1 implants (3D 
scaffolds), most new bone formed along the top and bottom of the implants, with a 
smaller amount of new bone infiltrating the edges of the implant. In comparison, for 
Group 2 (individual microspheres), most new bone formed within the implant, and new 
bone infiltrated 1–2 mm into the edges of the implant. Some HA microspheres were 
surrounded by newly formed bone, and tightly connected with new bone (Fig. 6C2). 
Blood vessels were observed in the tissue between the HA microspheres (Fig. 6C2, C4; 
arrows). H&E and von Kossa stained sections of empty defects after implantation for 6 
weeks are shown in Fig. 6A5, B5. The defect was almost filled with soft connective 
tissue, and bone regeneration was observed only at the edge of the defects along the 





Bone regeneration increased significantly in Group 1 and Group 2 implants 
(without TGF–?1) as the implantation time increased from 6 to 12 weeks (Fig. 8A1, B1; 
A3, B3). New bone infiltrated the implants from the edges and also formed on the dural 
(bottom) side of the implants. Increase of the implantation time from 6 to 12 weeks 
resulted in an increase in bone regeneration from 3 to 14% for Group 1 (3D scaffolds) 
and from 12% to 23% for Group 2 (individual microspheres) (see Fig. 7). For Group 1 
and Group 2 implants loaded with TGF-?1, the percent new bone regeneration was not 
significantly different from that for the corresponding implants without loading TGF-?1 
after the twelve-week implantation. In comparison, new bone formation in the empty 
defects (Fig. 8A5, B5) was limited to ~1mm from the edge of the defect, and the 
thickness of the new bone in the stained section was only ?200 µm. 
Bone regeneration in the Group 1 and Group 2 implants increased significantly as 
the diameter of the HA microspheres in the implants was increased from 106–150 ?m to 
150–250 ?m (Fig. 9, 10). Twelve weeks postimplantation, bone regeneration increased 
from 14% to 25% in the Group 1 implants (3D scaffolds) and from 23% to 35% with the 
increase in the size of the HA microspheres. Bone growth was enhanced at the edges and 
on the dural side of both groups of implants composed of the larger HA microspheres 
(Fig. 9B, D).   
 
5.5  DISCUSSION 
The results indicate that porous 3D scaffolds composed of hollow HA 
microspheres with a mesoporous shell wall or the individual HA microspheres 





biocompatible, the 3D scaffolds or individual microspheres can simultaneously provide 
the functions of an osteoconductive matrix and a device for local growth factor delivery.  
Three-dimensional scaffolds composed of hollow HA microspheres or individual 
hollow HA microspheres were created using a glass conversion technique [15], resulting 
in a unique combination of characteristics that cannot be readily achieved by known 
methods. By thermally bonding solid borate glass microspheres into the desired 
macroporous architecture and 3D geometry, the glass constructs were converted into 3D 
scaffolds composed of hollow HA microspheres with the same external geometry and 
macroporosity as the original glass construct (Fig. 2). In addition to a matrix of 
interconnected macropores to support bone ingrowth and integration with surrounding 
tissue, the 3D scaffolds consisted of high surface area, nanostructured HA known to be 
favorable for protein adsorption [21], osteogenic cell differentiation, and nutrient 
transport [22]. The hollow core combined with the high surface area, mesoporous shell of 
the HA microspheres provided mechanisms for growth factor loading and release. Except 
for the absence of a well-defined 3D geometry, individual hollow HA microspheres 
provided the benefits of the 3D scaffolds in addition to the potential benefit of 
implantation into irregular-shaped defects. 
The rat calvarial defect model, a standard assay for evaluating new bone 
formation in a non-healing defect, was used in the present work to evaluate bone 
regeneration in the implants. The 3D scaffold maintained its structural integrity 
throughout the twelve-week implantation period (Fig. 8B2, B4), indicating its ability to 
maintain the shape of the defect. The individual HA microspheres were also well 





infiltration throughout all the implants, as well as significant extracellular matrix 
formation, indicating good scaffolding properties of the implants. However, new bone 
formation (NB) in the defects was observed mainly at the edge of the implants adjacent to 
the host bone (HB) and at the bottom (dural) side of the implants (Fig. 6). This pattern of 
bone regeneration presumably resulted from contact of the edge of the implant with the 
host bone, making this area easily accessible to osteogenic cells and blood supply, and 
from contact of the bottom of the implant with the dura mater which also contains 
osteogenic cells.  
The results showed that when implanted in rat calvarial defects for 6 or 12 weeks, 
the individual HA microspheres had a greater capacity to support bone regeneration than 
the 3D scaffolds composed of HA microspheres with the same diameter; this trend was 
independent of the HA microsphere diameters used in this work (106–150 ?m or 150–
250 ?m) (Fig. 7, 10). The lower bone formation in the 3D scaffolds was presumably 
limited by the pore size and pore interconnectivity of the scaffold which contained a large 
fraction of pores smaller than 100 µm (particularly for the 3D scaffold composed of 106–
150 ?m microspheres) (Fig. 3; Table I). It is known that osteoblasts require pores larger 
than ?100 ?m for bone formation [23–25]. Enlarging the macropore size of the 3D 
scaffold is necessary to better support bone regeneration. In comparison, implants 
composed of individual HA microspheres showed a greater capacity to support bone 
regeneration, which might be attributed to the ease with which the microspheres could 
adjust their positions in response to a stress, thereby enabling changes in the pore sizes to 





TGF-?1 was chosen as a model growth factor to evaluate the drug release 
function of the 3D scaffolds and individual HA microspheres because it has been 
reported to promote bone growth when delivered locally or administered systematically 
[26, 27]. Our results showed that loading the implants with TGF-?1 significantly 
enhanced bone regeneration at 6 weeks (Fig. 7), which is consistent with the observations 
of those studies. The enhancement of bone regeneration by TGF-?1 loading was 
observed for both the 3D scaffolds and the individual HA microspheres. 
Although the volume of new bone continued to increase significantly in all groups 
except for the individual HA microspheres loaded with TGF-?1, the difference in bone 
regeneration between corresponding groups with or without TGF-?1 loading became 
insignificant 12 weeks postimplantation (Fig. 7). We postulated that this was due to the 
non-optimized release profile of TGF-?1 from the HA microspheres. Our in vitro results 
(Fig. 5) showed a significant burst release of TGF–?1 in the first 12 hours, and ?30% of 
the TGF-?1 initially loaded in the microspheres was released within 2 days. However, 
after 2 days, the release of TGF-?1 almost ceased, although ~70% of the initial TGF-?1 
was still retained by the implants. HA is known for its high affinity for various proteins 
[28], and the release of adsorbed proteins is often dependent on the resorption of HA in 
the in vivo environment [29, 30]. In the present work, measureable resorption of HA was 
not observed within the twelve-week implantation period. It is therefore likely that TGF-
?1 was not continuously released into the bone defect, which could account for the 
absence of a significant difference in bone regeneration after 12 weeks. We are currently 
modifying the HA microspheres to provide more sustained release of growth factors, 





5.6  CONCLUSION 
Three-dimensional (3D) scaffolds composed of hollow hydroxyapatite (HA) 
microspheres with mesoporous shell wall and individual hollow HA microspheres were 
created by a glass conversion process and evaluated for their ability to regenerate bone in 
rat calvarial defects. Bone regeneration increased significantly in both groups of implants 
with an increase in implantation time from 6 to 12 weeks. Bone regeneration was 
significantly higher in the implants composed of individual HA microspheres than in the 
3D scaffolds after both implantation times. Loading the implants with TGF-? (5 
?g/defect) significantly enhanced bone regeneration in both groups of implants 6 weeks 
postimplantation, but showed little effect in enhancing bone regeneration 12 weeks 
postimplantation. Increasing the HA microsphere diameter in the implants from 106–150 
?m to 150–250 ?m resulted in a significant increase in bone regeneration. Individual 
hollow HA microspheres or 3D scaffolds composed of hollow HA microspheres loaded 
with a suitable growth factor are promising implants for bone regeneration.  
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Figure 1. DTA pattern of borate (CaLB3-15) glass microspheres used for the creation of 






Figure 2. (A,B) Cross sections of 3D construct composed borate glass microspheres 
(150–250 µm); (C,D) cross sections of 3D scaffolds composed of hollow HA 
microspheres (150–250 µm) formed by the glass conversion process; SEM images of the 







Figure 3. Size distribution of macropores in 3D scaffolds composed of hollow HA 








Figure 4. Protein amount and alkaline phosphatase activity of MLO-A5 cells cultured for 
2, 4, and 6 days on scaffold (disc) composed of hollow HA microspheres. Mean ± SD; 






Figure 5. Amount of TGF-?1 released from 3D scaffolds (discs) composed of hollow 






Figure 6. Von Kossa stained sections (A1–A4) and H&E stained sections (B1–C4) of 
implants composed of hollow HA microspheres (106–150 ?m) after 6 weeks in rat 
calvarial defects: individual hollow HA microspheres (Group 2) without TGF-?1 (A1–
C1) and with TGF-?1 (A2–C2); 3D scaffolds (Group 1) without TGF-?1 (A3–C3) and 
with TGF-?1 (A4–C4); von Kossa and H&E stained sections of the empty defects (A5, 






Figure 7. Percent new bone formation in implants composed of hollow HA 
microspheres (106–150 ?m) after 6 and 12 weeks in rat calvarial defects. (Mean ± SD; 







Figure 8. (Left) von Kossa and (right) H&E stained sections of implants composed of 
hollow HA microspheres (106–150 ?m) after 12 weeks in rat calvarial defects: individual 
hollow HA microspheres (Group 2) without TGF-?1 (A1,B1) and with TGF-?1 (A2, B2); 
3D scaffolds (Group 1) without TGF-?1 (A3,B3) and with TGF-?1 (A4,B4); stained 






Figure 9. H&E stained sections of implants composed of hollow HA microspheres with 
two different microsphere diameter: individual microspheres of diameter 106–150 µm 
(A) and 150–250µm (B); 3D scaffold composed of microspheres of diameter 106–150 










Figure 10. Percent new bone formation in implants composed of hollow HA 
microspheres of diameter 106–150 ?m or 150–250 ?m after 12 weeks in rat calvarial 





6. SUMMARY OF MAIN RESEARCH RESULTS  
Hollow hydroxyapatite (HA) microspheres with a high surface area, mesoporous 
shell wall were prepared by converting borate glass microspheres with the composition 
(wt%): 15CaO, 10.63Li2O, 74.37 B2O3, designated CaLB3-15, in dipotassium phosphate 
(K2HPO4) solution. Microspheres with an external diameter of 106?150 µm were used in 
most of the experiments, but microspheres of diameter 150?250 µm were also used.  
The process parameters controlling the structural characteristics (hollow core 
diameter; pore size of the shell wall; surface area) of the as-prepared hollow HA 
microspheres were comprehensively investigated using an approach based on statistical 
design of experiments. Microspheres with larger hollow core size (ratio of the hollow 
core diameter to the external diameter of the sphere, d/D ? 0.6) were obtained at lower 
temperature (25?C) or with low K2HPO4 concentration (0.02 M). In comparison, 
microspheres with high surface area (~140 m2/g) were obtained at higher K2HPO4 
concentration (0.25 M). The pH value of the K2HPO4 solution (9 or 12) had little effect 
on the characteristics of the HA microspheres. Potassium pyrophosphate (K4P2O7), 
present as an impurity in the K2HPO4, can markedly reduce the conversion rate of the 
borate glass microspheres to HA in the K2HPO4 solution. In general, these experiments 
showed how hollow HA microspheres can be prepared reliably and reproducibly with the 
desired characteristics using the glass conversion process.  
The structural characteristics of the as-prepared hollow HA microspheres can be 
modified by a subsequent thermal treatment (heating the microspheres for 0?24 hours at 





and pores in the shell wall of the hollow HA microspheres, with a consequent reduction 
in the surface area; however, there was no measurable change in the total porosity of the 
shell wall. In comparison, heating at 900?C resulted in densification of the shell wall, 
resulting in hollow HA microspheres with dense shells.  
A model protein, bovine serum albumin (BSA), was used to evaluate the ability of 
the hollow HA microspheres to serve as a device for controlled delivery of a protein in 
vitro. After loading, the BSA was shown to be present in both the mesoporous shell wall 
and in the hollow core of the HA microspheres. The release rate of BSA from the hollow 
HA microspheres into phosphate-buffered saline (BSA) was controlled by the structure of 
the mesoporous shell wall and by the concentration of BSA initially loaded into the 
microspheres. The duration of BSA released from the HA microspheres into PBS varied 
from 1?2 days for the as-prepared HA microspheres to 7?14 days for the HA 
microspheres heated for 5 hours at 600oC. The total amount of BSA released into PBS 
was 30?40% of the BSA initially loaded into the microspheres.  
Release of BSA from the hollow HA microspheres into a medium composed of 
poly(ethylene glycol), PEG, was also evaluated. In this case, the PEG was used to 
provide a mimicked environment of the extracellular matrix (ECM). When compared to 
the release into PBS, a more sustained release of BSA was observed in the PEG, but the 
total amount of BSA released into the PEG was approximately the same. Approximately 
40% of the BSA initially loaded into the HA microspheres was released from the as-
prepared HA microspheres after ?7 days when release of the BSA ceased. In comparison, 
BSA release from the heat-treated HA microspheres (600?C/5h) increased continuously, 





In vitro cell culture confirmed that the hollow HA microspheres prepared in this 
work are biocompatible. The ability of hollow HA microspheres to support bone 
regeneration in a standard bone defect model (non-healing rat calvarial defects) was 
evaluated. Individual HA microspheres or three-dimensional (3D) scaffolds composed of 
hollow HA microspheres bonded at their contact points were evaluated. Bone 
regeneration increased significantly in both groups of implants with an increase in 
implantation time from 6 to 12 weeks. Bone regeneration was significantly higher in the 
implants composed of individual HA microspheres than in the 3D scaffolds after both 
implantation times. Loading the implants with TGF-? (5 ?g/defect) significantly 
enhanced bone regeneration in both groups of implants 6 weeks postimplantation, but 
showed little effect in enhancing bone regeneration 12 weeks postimplantation. 
Increasing the HA microsphere diameter of the implants from 106–150 ?m to 150–250 
?m resulted in a significant increase in bone regeneration. These results indicate that 
individual hollow HA microspheres or 3D scaffolds composed of hollow HA 
microspheres loaded with a suitable growth factor could provide promising implants for 







7. ADDITIONAL WORK AND SUGGESTIONS FOR FUTURE WORK 
In addition to the five manuscripts that formed the body of this PhD dissertation, 
additional work was performed recently which further supports the potential of the 
hollow HA microspheres in bone regeneration. These recent results could provide a basis 
for future work in this area. 
 
7.1 HOLLOW HA MICROSPHERES LOADED WITH BMP-2 ACCELERATE 
BONE REGENERATION IN RAT CALVARIAL DEFECTS  
As described previously (Paper 5 of this thesis), hollow HA microspheres loaded 
with TGF-?1 were evaluated for their ability to support bone regeneration in non-healing 
rat calvarial defects. In recent work, the microspheres were loaded with bone 
morphogenetic protein-2 (BMP-2), a more potent growth factor for bone regeneration, 
and evaluated in the same animal model. The surgical and histological procedures were 
similar to those described previously (Paper 5) and, for the sake of brevity, they will not 
be repeated in detail.  
Briefly, two groups of implants were evaluated: (1) as-prepared hollow HA 
microspheres loaded with BMP-2 (Shenandoah Biotechnology Inc., PA, USA) (1 
µg/defect), and (2) as-prepared hollow HA microspheres (without BMP-2) (control 
group). Scaffolds composed of individual HA microspheres (106–150µm) were used; 4 
scaffolds for each group were implanted in rat calvarial defects for 6 weeks. The 2 groups 
of implants were not mixed in the same animal.   
Figure 1 shows H&E and von Kossa stained sections of bone defects 6 weeks 





after the six-week implantation (Fig. 1-A, B), and the new bone formed mainly at the 
edges of the implants. In comparison, the HA microspheres loaded with BMP-2 showed a 
far greater ability to regenerate bone (Fig. 1-C, D); a large quantity of new bone (NB) 
infiltrated the implants and bridged the entire defect.  
 
Figure 1. (Left) H&E and (right) von Kossa stained sections of implants composed of 
hollow HA microspheres (106–150 ?m) after 6 weeks in rat calvarial defects: individual 
hollow HA microspheres without BMP-2 (A, B) and with BMP-2 (C, D). 
Figure 2 shows the percentage new bone formed in the two groups of implants; 
for comparison, results for individual HA microspheres (heat treated for 5 hours at 600oC) 
loaded with TGF-?1 (5 µg/defect) and implanted for 6 weeks (taken from Paper 5 of this 
thesis) are also shown. Loading the hollow HA microspheres with BMP-2 significantly 
enhanced bone formation when compared to the microspheres without BMP-2. 
Furthermore, bone regeneration in the microspheres loaded with BMP-2 (?36%) was 
significantly higher than bone regeneration (?19%) in the microspheres loaded with 







Figure 2. Percent new bone formation in implants composed of individual hollow HA 
microspheres (diameter 106–150 ?m) after 6 weeks in rat calvarial defects: The groups 
consisted of hollow HA microspheres without growth factor (spheres), loaded with TGF-
?1 (5 µg/defect), or loaded with BMP-2 (1 µg/defect). (Mean ± SD; n=5. *significant 
difference between groups; p<0.05). 
 
7.2 USE OF POLYMER COATING TO MODIFY THE RELEASE RATE OF 
GROWTH FACTOR (TGF-?1) FROM HOLLOW HA MICROSPHERES 
In the experiments described previously in this thesis, the hollow HA 
microspheres or 3D scaffolds composed of hollow HA microspheres were used as 
prepared or after heat treatment (typically 5 hours at 600oC). The use of a polymer 
coating on the hollow HA microspheres was investigated as an approach to further 
control the release rate of a growth factor from the microspheres.  
Three-dimensional scaffolds (discs), composed of hollow HA microspheres 





were first coated with a 1% BSA solution in PBS and loaded with 10 ?l TGF-?1 solution 
(50 ng TGF-?1 for each disc). The 3D scaffolds loaded TGF-?1 were then coated with a 
layer of poly(DL-lactic acid), PLA, by twice dipping the discs in a PLA solution and 
drying in air for 10 minutes. The PLA solution was prepared by dissolving PLA (Inherent 
viscosity = 0.55?0.75dl/g; Birmingham Polymers, Inc.) in chloroform. The concentration 
of the PLA was varied from 12.5 mg/ml to 50 mg/ml to vary the thickness of the PLA 
coating on the hollow HA microspheres. The coated discs were placed in PBS (2 discs in 
2 ml PBS) and incubated, while shaking, at 37oC. At periodic intervals, 50 ?l PBS was 
removed for testing. Control samples containing a known amount of TGF-?1 in buffer 
were also incubated at 37oC. The amount of The TGF-?1 present in the release buffer was 
determined by an enzyme-linked immunosorbent assay (ELISA). Concentrations of the 
unknown samples were quantified relative to a TGF-?1 standard curve run on the same 
plate. 
The cumulative amount of TGF-?1 released from the disc composed of hollow 
HA microspheres was measured as a function of time (Fig. 3). Release of TGF-?1 from 
the uncoated disc was initially rapid, and almost ceased after 2 days; approximately 30% 
of the TGF-?1 initially loaded into microspheres was released into the medium after the 
two-day period. The presence of the PLA coating on the hollow HA microspheres 
resulted in a reduction in the release rate and to a more sustained release of TGF-?1; the 
release rate decreased and the duration of the release increased with the thickness of the 
PLA coating. For the thickest coating used, formed from the PLA solution with the 
highest concentration (50 mg PLA per ml), release of TGF-?1 was extended to over 2 






Figure 3. Cumulative release of TGF-?1 from discs composed of hollow HA 
microspheres into PBS as a function of time.  
 
7.3 COMPOSITE SCAFFOLD COMPOSED OF HOLLOW HA MICROSPHERES 
DISPERSED IN A HYDROGEL 
The combination of the hollow HA microspheres, growth factors, stem cells, and 
a biodegradable matrix (polymer or hydrogel) could provide a multifunctional scaffold to 
enhance bone regeneration in defects with a regular or irregular shape. Preliminary work 
has shown that the hollow HA microspheres can be dispersed in a hydrogel solution that 
is then gelled to form a composite scaffold. Figure 4 shows an example of a composite 
scaffold composed of 30 vol% hollow HA microspheres (106?150 µm) dispersed in an 
alginate hydrogel. An alginate solution (1% w/w) was prepared by mixing distilled water 
(at room temperature) with sodium alginate powder (Protanal RF 6650, FMC 





microspheres and 80mM D-Gluconic acid-?-lactone (DGL; Sigma, USA) which reacted 
with a small amount of the HA to release Ca2+ ions to crosslink the alginate polymer.  
 
Figure 4. (A) SEM image of the cross section of a composite scaffold composed of 30 
vol% hollow HA microspheres (106?150 µm) in an alginate matrix; (B) lower 
magnification optical image of the external surface of the composite scaffold. 
 
7.4  SUGGESTIONS FOR FUTURE WORK 
1. Determining the optimum concentration and loading method of BMP-2 in the 
hollow HA microspheres:  As described previously, hollow HA microspheres loaded with 
BMP-2 showed greater capacity for bone regeneration in rat calvarial defects when 
compared to the microspheres without BMP-2. However, the amount of BMP-2 (1 
µg/defect) loaded into the HA microspheres was based on information in the literature for 
other systems. Since BMP-2 is expensive, the optimum amount to be loaded into the 
microspheres should be investigated. The studies should consist of a combination of in 
vitro experiments (measuring the release kinetics of BMP-2 from the microspheres) and 
in vivo experiments (implantation of BMP-2 loaded microspheres in rat calvarial 
defects). The method used for loading the microspheres into the hollow HA microspheres 
should be optimized. 
2. Size of hollow HA microspheres: Hollow HA microspheres with larger 





microspheres of diameter 106?150 µm. These larger microspheres should therefore be 
used in future work. 
3. Controlling the sustained release of growth factor from the hollow HA 
microspheres: Measurement of the release of TGF-?1 from the hollow HA microspheres 
into PBS showed that the release was initially rapid and almost ceased within 2 days. 
Several applications would require a more sustained release. Recent work (described 
previously in this section; Fig. 3) showed that a more sustained release of TGF-?1 can be 
achieved by coating the hollow HA microspheres with a biodegradable polymer (PLA or 
PLGA). Experiments should be performed to determine (a) the formation of an optimal 
coating (biodegradable polymer composition and molecular weight; thickness and 
uniformity of the coating) on the HA microspheres; (b) the effect of the polymer coating 
on the release kinetics of a growth factor in vitro.  
4. Composite (multifunctional) scaffolds: Composite scaffolds composed of 
hollow HA microspheres loaded with growth factors, stem cells, and a biodegradable 
matrix (e.g., biodegradable polymer or hydrogel) should be investigated to extend the 
work of this thesis to a wider range of potential applications. The composite could be 
used as a scaffold to fill a defect with a regular geometry or as an injectable scaffold to 
fill an irregular-shaped defect. Recent work described previously showed the feasibility 
of dispersing the hollow HA microspheres in a biodegradable alginate matrix. Future 
work should be performed to evaluate an appropriate matrix suitable for supporting bone 
regeneration (e.g., collagen, or collagen-based polymer), as well as the development and 





5. Biodegradable hollow HA microspheres: Hollow HA microspheres prepared by 
the glass conversion process described in this thesis have a mesoporous shell wall 
composed of high surface area, nano size HA particles (Paper 1). The degradation of 
these hollow HA microspheres should be investigated. Enhancement of the degradation 
of the hollow HA microspheres by controlling the composition (e.g., a carbonate-
substituted HA) should be studied. The ability to control the degradation rate of the 
hollow HA microspheres might be beneficial for improving the sustained release of 
growth factors as well as the total amount of growth factor released from the HA 
microspheres. HA has an affinity for growth factors; consequently, degradation of the HA 
microspheres might serve to release a greater amount of growth factor adsorbed on the 
HA surface. Degradation of the HA microspheres should also be beneficial for 
remodeling of the HA implants with new bone. 
6. Microstructural modification of hollow HA microspheres: In the research 
described in this thesis, hollow HA microspheres were prepared by reacting borate glass 
microspheres in a K2HPO4 solution under a given set of conditions (e.g., pH = 9 or 12; 
temperature = 25?C, 37?C, or 60?C; solution concentration = 0.02 M, 0.10 M, or 0.25 M).  
The shell wall of the hollow HA microspheres typically consisted of a less porous, thin 
outer layer and a more porous, thicker inner layer (see Paper 1; Fig. 6). The use of borate 
glass particles of the same size but without the spheroidization step resulted in similar bi-
layer structure of the HA shell wall; this indicated that changes in surface stress or 
surface composition resulting from the glass spheroidization step  had little effect on the 
formation of the bi-layer structure. Instead, the conditions used in the glass conversion 





concentration; temperature; pH) during the course of the conversion process to produce a 
homogeneous microstructure throughout the shell wall (instead of the bi-layer structure) 
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1 ABSTRACT 
The conversion of 45S5 glass and glass–ceramics to a hydroxyapatite (HA)-like 
material in vitro has been studied extensively, but only for short reaction times (typically 
<3 months). In this paper, we report for the first time on the long-term conversion of 
45S5 glass–ceramic microspheres (designated 45S5c) in an aqueous phosphate solution. 
Microspheres of 45S5c (75?150 µm) were immersed for 10 years at room temperature 
(?25?C) in K2HPO4 solution with a concentration of 0.01 M or 1.0 M, and with a starting 
pH of 7.0 or 9.5. The reacted 45S5c microspheres and solutions were analyzed using 
structural and analytical techniques. Only 25?45 vol% of the 45S5c microspheres were 
converted to an HA-like material after the 10 year reaction. In solutions with a starting 
pH of 9.5, an increase in the K2HPO4 concentration from 0.01 M to 1.0 M resulted in a 
doubling of the volume of the microspheres converted to an HA-like material but had 





45S5c microspheres in the solution with a starting pH of 7.0 resulted in an HA-like 
product in the 0.01 M K2HPO4 solution but a calcium pyrophosphate product, 
Ca10K4(P2O7)6.9H2O, in the 1.0 M solution. The consequences of these results for the 
long-term use of 45S5 glass–ceramics in biomedical applications are discussed. 
 
2  INTRODUCTION 
The silicate bioactive glass designated 45S5, often referred to by its trade name 
“Bioglass®”, is generally considered to be the gold standard for bioactive glasses. Since 
its discovery by Hench et al. in 1971 [1], 45S5 glass (composition by weight: 24.5 Na2O, 
24.5 CaO, 45 SiO2, 6 P2O5) has been the subject of many research and development 
studies [2, 3]. As a result of those studies, the bioactivity, degradation mechanisms, 
osteoconductivity, and bone-bonding ability of 45S5 have been well documented and 
explained [2, 3]. When immersed in an aqueous phosphate solution, such as the body 
fluid, 45S5 glass undergoes specific surface reactions, leading to the formation of a 
hydroxyapatite (HA)-like material on the surface of the glass [2]. It is generally 
acknowledged that the formation of the HA surface layer is responsible for the bioactivity 
and bone-bonding ability of 45S5 glass. Studies have shown that 45S5 glass converts 
slowly and incompletely to an HA-like material [4, 5].  
Because of the narrow window between its glass transition temperature and the 
onset of crystallization, 45S5 glass is prone to crystallization during thermal processing, 
such as spheroidization of particles to form microspheres or the sintering of particles to 
form porous scaffolds [3, 6]. Commonly, the glass devitrifies during thermal processing 





predominantly. While devitrification does not inhibit the ability of 45S5 glass to form an 
HA-like surface layer, the glass–ceramic converts even more slowly to HA than 45S5 
glass [7].  
Despite the wide interest in the science and application of 45S5 glass and glass–
ceramics, the conversion of these materials to HA in an aqueous phosphate solution have 
been studied only for short reaction times (typically less than ?3 months) [4, 5, 8]. The 
long-term conversion of 45S5 glass is of interest both scientifically and practically. 
Scientifically, it is unclear whether the glass continues to degrade slowly and eventually 
converts completely to a HA-like material. Practically, 45S5 glass is used in several 
biomedical applications [2]. While the silicon released as a result of the 45S5 degradation 
has been shown to be harmlessly excreted in a soluble form in the urine of rabbits [9], 
concerns about the long-term presence of silicon in the body, due to incomplete 
conversion of 45S5 glass, have been raised periodically.    
The objective of this work was to evaluate the conversion of 45S5 glass–ceramic 
microspheres after immersion in aqueous phosphate solution at room temperature for ?10 
years, far longer than any previous study. The microspheres were immersed in K2HPO4 
solutions having two different concentrations (0.01 and 1.0 M) and two different pH 
values (7.0 and 9.5). Structural and analytical techniques were used to characterize the 
reacted microspheres and solutions.    
 
3  EXPERIMENTAL PROCEDURE 
Glass with the nominal 45S5 composition, 24.5 Na2O, 24.5 CaO, 6.0 P2O5, 45.0 





SiO2 in a platinum crucible for 1 h at 1500°C, and quenching the melt in water. The glass 
frit was crushed, sieved to give particles of size 75?150 µm, and spheroidized in a flame. 
The resulting microspheres consisted of a 45S5 glass–ceramic, denoted as 45S5c. To 
study the long-term conversion to a hydroxyapatite (HA)-like material, 5 g of the 45S5c 
microspheres were immersed in 500 ml of K2HPO4 (Acros Organics, Thermo Fisher 
Scientific, NJ) solution and kept in closed polyethylene containers at room temperature. 
Solutions with concentrations of 0.01 M and 1.0 M, and pH of 7.0 and 9.5 were used. 
After 10 years, the microspheres were removed from the solution, washed three times 
with distilled water, then twice with ethanol, and dried for >12 h at 90?C.  
The reacted 45S5c microspheres were characterized using X-ray diffraction 
(XRD), and Fourier transform infrared (FTIR) spectroscopy. XRD was performed using 
Cu K? radiation (? = 0.15406 nm) at a scan rate of 1.8?/min in the 2? range 5–70° 
(D/mas 2550 v; Rigaku; The Woodlands, TX, USA). FTIR (NEXUS 670 FTIR; Thermo 
Nicolet; Madison, WI, USA) was performed in the wavenumber range 400–2000 cm?1 
(resolution = 8 cm–1). A mass of 2 mg of the product was ground into a powder, mixed 
with 198 mg KBr, and pressed to form pellets for the FTIR analysis.  
Cross sections of the reacted 45S5c microspheres were prepared and examined in 
a scanning electron microscope (SEM) to determine structural and compositional changes 
with distance from the surface of the microspheres. Microspheres were mounted in epoxy 
resin, ground with SiC paper, and polished with diamond paste down to 0.1 um, and 
observed in the SEM (Hitachi; S-4700) at an accelerating voltage of 10 kV and a working 
distance of 12 mm. The fractional volume of the 45S5c microsphere converted was 





software. Energy-dispersive X-ray (EDS) analysis in the SEM (Hitachi; S-570) 
(accelerating voltage = 20 kV; working distance = 18 mm) was used to determine 
changes in the elemental composition across the sections.  
To compare the long-term conversion with short-term conversion, 45S5c 
microspheres were immersed for 4 weeks in K2HPO4 solutions (0.01 M and 1.0 M) with 
a starting pH = 9.5 at 37?C. Sections of the reacted microspheres were prepared and 
examined in the SEM (Hitachi; S-4700) using the procedures described above.  
The pH of the solution after the 10 year reaction was measured using a pH meter, 
while the concentration of Ca, Na, K and P ions in the phosphate solution was measured 
using inductively-coupled plasma optical emission spectrometry, ICP-OES (Optima 
2000DV; Perkin Elmer, Waltham, MA).  
The conversion kinetics of the 45S5c microspheres to HA in an aqueous K2HPO4 
solution were determined from the weight loss of the microspheres as a function of time 
using a method described previously [4]. The microspheres were immersed for up to 4 
weeks in 1M K2HPO4 solution (1 g microspheres per 100 ml solution) with a starting pH 
value of 9.5 at 37oC and 60oC. At selected times, the microspheres were removed from 
the solution, washed with deionized water and then with ethanol, and dried overnight at 
90oC. The fractional weight loss at time t was defined as ?W= (Wo – Wt)/Wo, where Wo 
is the initial weight of the glass, and Wt is the weight at time t. As described later, the 






4  RESULTS 
4.1  Composition and Phase Analysis of Reacted 45S5c Microspheres.  
XRD patterns of the as-prepared 45S5 cglass–ceramic microspheres and 45S5 
glass particles (no spheroidization step) are shown for reference in Fig. 1a. The glass 
particles showed a broad bond, centered at 30?35? 2?, with no measurable diffraction 
peaks, indicating the absence of well-crystallized phases. In comparison, the 45S5c 
microspheres showed sharp diffraction peaks that corresponded predominantly to those of 
the combeite phase, Na2??2CaO?3SiO2 (JCPDS 75-1687), as observed in other studies 
[10, 11]. 
Figure 1b shows the XRD patterns of the 45S5c microspheres after reaction for 
?10 years at room temperature in K2HPO4 solutions with the same starting pH (7.0), but 
with two different concentrations (0.01 M and 1.0 M). A marked difference between the 
two XRD patterns is observed. For the lower concentration (0.01 M), diffraction peaks 
with low intensity (peak height) which can be assigned to a mixture of combeite (JCPDS 
75-1687) and HA (JCPDS 72-1243) were found. In comparison, for the microspheres 
reacted in the 1 M K2HPO4 solution, sharp peaks corresponding to a calcium potassium 
pyrophosphate product, Ca10K4(P2O7)6(H2O)9 (JCPDS 83-0912) were observed in the 
diffraction pattern. 
XRD patterns of the 45S5c microspheres after reaction for 10 years at room 
temperature in 0.01 and 1.0 M K2HPO4 solutions with a starting pH of 9.5 are shown in 
Fig. 1c. For both solutions, the patterns of the reacted microspheres showed peaks 
corresponding to a mixture of combeite and HA, but the intensity of the HA peaks 





solution. Qualitatively, the XRD patterns of the microspheres reacted in both K2HPO4 
solutions at pH = 9.5 showed phases similar to those in the microspheres reacted in the 
0.01 M K2HPO4 solution with a pH of 7.0.  
FTIR spectra of the as-prepared 45S5c microspheres and 45S5 glass particles (no 
spheroidization step) are shown in Fig. 2a. Both spectra showed resonances in the region 
900?1200 cm?1 which can be ascribed to absorption due to P?O and Si?O groups 
[12?14]. However, the spectra showed marked differences in the range 400?700 cm?1 
which are presumably related to the presence of the combeite phase in the 45S5c 
microspheres. 
Reaction of the 45S5c microspheres in the K2HPO4 solution for 10 years 
produced marked changes in the FTIR spectra. Fig. 2b shows the spectra for the 
microspheres reacted in the K2HPO4 solution with the same pH (7.0) but concentrations 
of 0.01 and 1.0 M. For the 0.01 M solution, the most dominant resonances corresponded 
to the phosphate v3 resonance, centered at ~1,040 cm?1, and the phosphate v4 resonance, 
with peaks centered at ?560 and ~605 cm?1, which are associated with the presence of 
HA [15, 16]. In contrast, the FTIR spectrum of the product formed in the 1.0 M solution 
at this pH was markedly different. The asymmetric and symmetric terminal stretching 
vibrations of P-O groups usually occur in the region 1,250–980 cm?1 [17–19]. The 
intense band observed at 1,175 cm?1 is attributed to the asymmetric P–O stretching, while 
the symmetric P–O stretching is located at 1,024 cm?1. Resonances corresponding to P–
OH vibrations are observed at 916 cm?1. The resonance observed at 723 cm-1 is attributed 
to symmetric P–O–P bridge vibration, while the resonance centered at ~550 cm-1 can be 





presences of oxygen?calcium bonds [20]. Taken together, the FTIR spectrum showed 
that the product formed in 1.0 M K2HPO4 solution at pH = 7.0 contained the (P2O7)??, 
(HP2O7)?? and (PO4)3-, indicating the presence of a pyrophosphate, as well as a phosphate 
material. 
Fig. 2c shows the FTIR spectra for the 45S5c microspheres reacted in the K2HPO4 
solutions with a starting pH of 9.5. The solution concentration (0.01 M and 1.0 M) had 
little effect on the FTIR spectra. The most dominant resonances were the phosphate v3 
resonance, centered at ~1,040 cm?1, and the phosphate v4 resonance, with peaks at ~605 
and 560 cm?1,  which are associated with HA [15, 16]. In general, for K2HPO4 solutions 
with pH = 9.5, the spectra of the reacted 45S5c microspheres were similar to that for the 
45S5c microspheres reacted in the 0.01 M K2HPO4 solution at pH = 7.0 
To summarize at this stage, the results of the FTIR analysis showed good 
agreement with the XRD results described previously. The reaction product of the 45S5c 
microspheres immersed in the K2HPO4 solution with a starting pH of 9.5 showed little 
effect of the solution concentration; the results showed the presence of an HA-like 
product. In contrast, for a solution with a starting pH of 7.0, the results are compatible 
with the formation of an HA-like product for a K2HPO4 concentration of 0.01 M, but a 
pyrophosphate product with presumably a small amount of an HA-like product for a 
concentration of 1.0 M. 
4.2  Microstructure and Microchemical Analysis of the Reacted 45S5c 
Microspheres.  
SEM images of the surface and cross section of the as-prepared 45S5c 
microspheres are shown for reference in Fig. 3. The surface of the microspheres showed 





combeite phase found previously from the XRD pattern. In comparison, the polished 
cross section of the as-prepared 45S5c microspheres (Fig. 3b) shows a dense 
homogeneous structure, with little phase contrast from the surface to the interior. 
SEM images of the cross sections of 45S5c microspheres immersed for 10 years 
in the K2HPO4 solutions (concentrations = 0.01 M and 1.0 M; starting pH = 7.0 and 9.5) 
are shown in Fig. 4 a-d. Based on differences in contrast, the sections in Fig. 4a, c, d were 
divided into three regions: (1) a surface layer (A), (2) an intermediate layer (B), and (3) a 
core (C). EDS analysis was performed at three different positions at the midpoint of each 
region and the average value of the elemental concentration was taken. The section in 
Fig. 4b did not show large differences in contrast; only two regions, an outer region (A, 
B) and a core C, were vaguely discernible. Nevertheless, the letters A, B, and C show the 
positions at which EDS analysis was performed. 
For the 45S5c microspheres reacted in the solution with pH = 7.0, the surface 
layer had a thickness of ?5 µm when the K2HPO4 concentration was 0.01 M (Fig. 4a). 
When the microspheres were reacted in the K2HPO4 solution with a starting pH = 9.5, the 
thickness of the surface layer A increased from ?5 µm for the 0.01 M solution (Fig. 4c) to 
?10 µm for 1.0 M solution (Fig. 4d). The images indicate that for the microspheres 
reacted in the 0.01 M K2HPO4 solution, an increase in the pH from 7.0 to 9.5 apparently 
had little effect on the thickness (?5 µm) of the surface layer (Fig. 4a, c).       
Table I summarizes the EDS data for Ca/P atomic ratio and the Na concentration 
(wt%) in the three regions A, B, and C shown in the cross sections of the reacted 45S5c 
microspheres (Fig. 4). The Ca/P ratio varied from 1.3 to 2.5 for the surface layer (A) to 





1.67 and 5.4, respectively. The measured Na concentration in the surface layer (A) was 
0.9?1.0 wt%, except for the microspheres reacted in the 1 M K2HPO4 solution at pH = 
7.0, in which the value was 4.8 wt%. For the core (C), the measured Na concentration 
was 15.7?17.7 wt% for all four reaction conditions (Table I), compared to a theoretical 
value of 18.2 wt% for 45S5 glass, indicating that little Na had dissolved out of the core 
during the 10 year reaction.  
Taken with the XRD and FTIR results described previously, the results of the 
EDS analysis are consistent with the formation of a calcium phosphate product in the 
surface layer (A) and an unconverted 45S5 core (C). The region B in the cross sections is 
presumably an intermediate region; as described previously, for the microspheres reacted 
in the 1.0 M K2HPO4 solution at pH = 7.0, an intermediate layer was not clearly 
discernible. 
SEM images of the cross sections of 45S5c microspheres immersed for 4 weeks 
in the K2HPO4 solutions (0.01 and 1.0 M; starting pH = 9.5) at 37?C are shown in Fig. 4e, 
f. Compared with the images shown in Fig. 4c, d, both the converted surface layer and the 
intermediate layer were thinner than those in the microspheres reacted for 10 years. For 
the 45S5c microspheres reacted for 4 weeks in the  0.01 M K2HPO4 solution, the surface 
layer had a thickness of 1–2 µm (Fig. 4e), while the intermediate layer had a thickness of  
~1?m. After reaction of the microspheres in the 1.0 M K2HPO4 solution (Fig. 4f), the 
thickness of the surface layer was also 1–2 µm, but the thickness of the intermediate layer 







4.3  pH and Ionic Concentration of K2HPO4 Solution.  
Table II shows data for the pH and ionic concentration of selected elements (Na, 
P, Ca, and K) in the K2HPO4 solutions after the 10 year reaction. For comparison, 
assuming that all the 45S5 glass was completely dissolved in a pure aqueous medium, the 
“theoretical” concentrations of the Na, Ca, and P in the aqueous medium are also shown. 
The ionic concentration of Na, K, Ca, and P are strongly dependent on the concentration 
of the starting K2HPO4 solution but almost independent of the starting pH. The 
concentration of Ca in all the solutions after the 10 year reaction was small (0.065–1.2 
mmol/l), indicating that almost all the Ca ions dissolved from the glass had reacted with 
the phosphate ions to precipitate a calcium phosphate product, as found in previous 
studies [4, 5]. For the reaction in 0.01 M K2HPO4 solution, the Na ion concentration in 
the solution was 23?25 mmol/l, indicating ?30% of the Na in the starting 45S5 
microspheres had dissolved into the K2HPO4 solution. In comparison, the Na 
concentration in the 1.0 M K2HPO4 solution was 43?47 mmol/l, indicating that 55?60% 
of the Na in the starting glass had dissolved into the solution.  
There was an increase in the pH of the solution; for the conditions used in this 
work, the magnitude of the increase was dependent primarily on the K2HPO4 
concentration and secondarily on the starting pH value. Solutions with the lower K2HPO4 
concentration (0.01 M) showed the highest increase in pH value, from 7.0 to 11.7 and 
from 9.5 to 12.3 (Table II). In comparison, the pH of the 1.0 M K2HPO4 solution 







4.4  Kinetics of 45S5c Conversion to Hydroxyapatite.  
Fig. 5 shows the fractional weight loss ?W of the 45S5c microspheres as a 
function of immersion time t in 1.0 M K2HPO4 solution at 37oC and 60oC. The weight 
loss increased faster with time at the higher reaction temperature. After reaction for 4 
weeks, the weight loss at 60oC was 23%, almost twice the value at 37oC (12%). Using the 
maximum weight loss ?Wmax = 42% observed for the conversion of 45S5 glass particles 
(150–300 ?m) in 0.02 M K2HPO4 solution at 37?C [4], the weight loss data were 
normalized to show the fraction, ?, of the 45S5c microspheres converted to HA as a 
function of time, where ? = ?W/?Wmax (Fig. 6). As observed in previous studies for 
45S5 glass particles [21] and 13-93 glass scaffolds [22], following an initial period (?100 
h), the kinetics of 45S5c conversion to HA at both temperatures can be well fitted by a 
three-dimensional (3D) diffusion model (dashed lines in Fig. 5), given by the equation: 
? ?? ? Kt??? 23/111 ?                    (1) 
where K is a temperature-dependent constant given by the Arrhenius relation: 
? ?RTQKK o /exp ??         (2) 
where Ko is a constant, Q is the activation energy for the conversion process, R is the gas 
constant, and T is the absolute temperature. Least-squares fitting of the data using Eq. (1) 
gave Ko = 6.8 ? 10–6 day–1 and Q = 66 kJ/mol. 
 
5  DISCUSSION 
The results showed that the conversion of 45S5c glass?ceramic microspheres 





10 years in an aqueous K2HPO4 solution (0.01 or 1.0 M) at room temperature (?25?C). 
Since microspheres and porous 3D scaffolds of 45S5 glass–ceramic are being used or 
studied for several biomedical applications [2, 3, 11, 23], these results indicate that a 
large fraction of unconverted 45S5 glass-ceramic material could still remain in vivo even 
after long implantation times.  
The results of the present work also provided new information on the conversion 
of 45S5 glass?ceramic microspheres after long-term reaction in an aqueous phosphate 
solution. In a basic K2HPO4 solution (starting pH = 9.5), XRD and FTIR indicated that a 
product of the partially converted 45S5 microspheres was an HA-like material for both 
low concentration (0.01 M) and high concentration (1.0 M) of the K2HPO4 solution. This 
is consistent with previous observations which showed that HA was the most stable 
calcium phosphate phase in aqueous solution at pH values greater than 4?5 [24].  
In comparison, in a K2HPO4 solution with a neutral starting pH (7.0), the 
concentration of the solution had a marked effect on the composition of the conversion 
product. At low concentration (0.01 M), XRD and FTIR indicated that an HA-like 
product was formed in the partially-converted 45S5c microspheres. However, at high 
concentration (1.0 M), XRD and FTIR indicated a product corresponding to a calcium 
pyrophosphate product. The XRD pattern showed intense peaks that corresponded to that 
of a reference Ca10K4(P2O7)6.9H2O (JCPDS 83-0912). The formation of the 
pyrophosphate product can be explained in terms of the high concentration of (HPO4)2? 
ions present at pH = 7.0, and the tendency of phosphate ions to form dimers, trimers, and 
polyphosphates [25]. In particular, (HPO4)2? ions are known to form pyrophosphate ions 





? ? ? ? OHOPHPO 2472242 ?? ??                  (3) 
In the presence of high concentrations of (P2O7)4? and K+ ions, presumably the 
Ca2+ ions dissolving out of the 45S5 glass?ceramic reacted to form a pyrophosphate 
product, which can be described by the equation: 
? ? ? ? OHOPKCaOHOPKCa 267241024722 9.96410 ???? ???               (4) 
The pyrophosphate product in Eq. (4) was the dominant phase identified by XRD; 
however, FTIR indicated that other phosphate phases, presumably amorphous or in small 
concentration, might also be present.  
For the pH values and concentrations of the K2HPO4 solutions used in this work, 
SEM and EDS analysis of the polished sections of the reacted 45S5c microspheres 
showed a core (C in Fig. 4) with a high Ca/P atomic ratio and a high concentration of Na, 
comparable to the values of the starting 45S5c material (Table I). These SEM and EDS 
observations clearly indicated an unconverted 45S5c core. ICP-OES analysis showed 
only limited concentrations of phosphorus (P) in the 0.01 M K2HPO4 solutions after the 
10 year reaction (Table II), which indicated that the conversion reaction in these solutions 
stopped because of the lack of phosphate ions in the solution. However, the conversion 
reaction was also incomplete in the 1.0 M K2HPO4 solution with a starting pH of 9.5, 
despite the presence of a large concentration of P. Therefore, the incomplete conversion 
in this 1.0 M K2HPO4 solution (pH = 9.5) cannot be attributed to the lack of phosphate 
ions, but to other factors discussed elsewhere [4, 5].  
As discussed above, when the 45S5c microspheres were reacted in the 1.0 M 
K2HPO4 solution with a starting pH of 7.0, XRD showed intense peaks of a calcium 





the reacted microspheres (A in Fig. 4b) showed a Ca/P atomic ratio of 1.33, far larger 
than the theoretical value (0.83) for the Ca10K4(P2O7)6.9H2O phase. The reason for this 
larger Ca/P ratio is unclear. However, the presence an amorphous calcium phosphate 
material not detected by XRD but indicated from the FTIR spectrum could contribute to 
the higher Ca/P ratio observed.   
For the other reaction conditions used in this work, XRD and FTIR showed the 
presence of an HA-like material in the partially converted product. SEM images showed 
that the reaction product of the 45S5c microspheres consisted of a surface layer (region A 
in Fig. 4a, c, d). Based on differences in contrast in the SEM images, this HA-like surface 
layer was determined to have a thickness of ?5 µm when the microspheres were reacted 
in a 0.01 M K2HPO4 (pH = 7.0 or 9.5) for 10 years. In comparison, the thickness of the 
HA-like layer increased to ?10 µm when the microspheres were reacted in a 1.0 M 
K2HPO4 solution (pH = 9.5) for ten years; this is compatible with an increase in the 
conversion rate with an increase in the reactant (K2HPO4) concentration. 
Scanning electron microscopic images of the cross sections of the reacted 
microspheres (4 weeks vs. 10 years) showed that the 45S5c conversion increased slowly 
with reaction time. When immersed in 0.01 M K2HPO4 solution (pH = 9.5), the thickness 
of the HA-like surface layer increased from ~2 ?m after 4 weeks at 37?C (Fig. 4e) to ~5 
?m after 10 years at room temperature (Fig. 4c). In the 1.0 M K2HPO4 solution (pH = 
9.5), the thickness of the HA-like surface layer increased from ~2 ?m after 4 weeks at 
37?C (Fig. 4f) to ~10 ?m after 10 years at room temperature (Fig. 4d). The thickness of 
the intermediate layer also increased with reaction time (4 weeks at 37?C vs. 10 years at 





EDS analysis of the surface layer of the 45S5 microspheres reacted in the 1.0 M 
K2HPO4 solution (starting pH = 9.5) showed a Ca/P atomic ratio of 1.49 (Table I) which 
is lower than the value (1.67) for stoichiometric HA. In previous studies, the conversion 
of 45S5 glass also showed a Ca/P ratio smaller than the theoretical value for HA, and was 
discussed in terms of a calcium-deficient HA [3]. In comparison, for the 45S5c 
microspheres reacted in the 0.01 M K2HPO4 solution, the Ca/P ratios of the surface layer 
are 2.13 (pH = 7.0) and 2.46 (pH = 9.5). It is not clear why these Ca/P ratios are higher 
than the theoretical values for HA, but two factors may be suggested. First, the surface 
layer may not be fully converted to an HA-like material. As described previously, the 
XRD patterns (Fig. 2) showed peaks corresponding to those of both HA and combeite. 
Because the Ca/P ratio of the 45S5 composition is 5.43, unconverted 45S5 material could 
lead to a marked increase in the Ca/P ratio of the surface layer. Second, even if it were 
fully reacted, the surface layer had a thickness of only ?5 µm (Fig. 4); partial sampling of 
the intermediate layer (Ca/P ratio 3.87 or 5.35) by the electron beam could result in an 
increase in the Ca/P ratio. 
As discussed previously, based on differences in contrast in SEM images of the 
reacted 45S5c microspheres, a surface layer (attributed to the converted layer) of ?5 µm 
was determined for the microspheres reacted in the 0.01 M K2HPO4 solution (pH = 7.0 or 
9.5) (Fig. 4a, c). Since the diameter of the microspheres was 100?120 µm, the fraction of 
the microspheres converted to an HA-like material was ?25 vol%. According to the ICP-
OES data (Table II), the amount of Na dissolved from the glass into the solution was 
?30%, which could be attributed to the Na dissolved from the converted layer (?25%), 





solution (pH = 9.5), the thickness of the surface (converted) layer was estimated to be 
?10 µm, and the fraction converted to an HA-like material is therefore ?45 vol%. In this 
case, the ICP data show that 55?60% of the Na from the glass was dissolved into the 
solution, which could be attributed to ?45% from the converted layer and 10-15% from 
the intermediate layer.  
Over the 10 year reaction period, the pH of the K2HPO4 solution showed an 
increase which was strongly dependent on the concentration of the starting solution 
(Table II). A far larger increase in pH was observed for the solutions with the lower 
starting concentration (0.01 M). As described elsewhere [4, 5], the conversion reaction 
resulted in a consumption of phosphate ions from the solution and the dissolution of 
silicon (presumably as silicic acid) and sodium ions into the solution. Since phosphoric 
acid is a stronger acid than silicic acid, the consumption of a larger percentage of the 
phosphate ions from the 0.01 M K2HPO4 starting solution could result in a marked 
increase in the pH of the solution, as observed. In comparison, for the more concentrated 
1.0 M K2HPO4 solution, a smaller percentage of the phosphate ions present in the starting 
solution is consumed in the conversion reaction, resulting in a smaller increase in the pH 
(Table II). 
As described previously, after an initial period (?100 h), the kinetics of 45S5c 
conversion to an HA-like material can be well fitted by a 3D diffusion model (Eq. (1)), 
which is in agreement with previous studies for 45S5 glass particles [21] and silicate 13-
93 glass scaffolds [22]. Using the values for Ko and Q obtained by fitting Eq. (1) to the 
data in Fig. 5, the rate constant K was found to be 2 ? 10–5 day–1 at room temperature and 





achieve the maximum amount of 45S5c conversion is given as tf = 1/K (when ? = 1), 
which is equal to ?140 years at room temperature and ?45 years at 37?C in 1.0 M 
K2HPO4 solution at pH = 9.5. 
While the results of the present work indicate that the 45S5c microspheres may 
not fully degrade in vivo, the limitations of the present experiments in relation to the 
environment in vivo should be recognized. In vivo, the pH of the human body fluid is 
?7.4, and the temperature is ?37.4?C. One key difference is that the (HPO4)?? 
concentration of the body fluid (?1 mmol/l) is far lower than the K2HPO4 concentrations 
used in this work (10 and 1,000 mM). The present results showed a reduction in the 
thickness of the converted layer by a factor of ?2 with a reduction in the K2HPO4 
concentration from 1 to 10 mM. A reduction in the K2HPO4 concentration to 1 mM is 
expected to result in a further reduction in the conversion rate to HA. Another difference 
is that the present system was generally static (little stirring of the reactants over the 10 
year period) whereas environment in vivo is dynamic. As a result, ionic concentration 
gradients in vivo are expected to be higher than those in this work. A third difference is 
the absence of biomolecules and cells in the present experiments. In a previous study, the 
conversion of a silicate bioactive glass (designated 13-93) to HA in vivo (subcutaneous 
implantation in rats) was found to be faster than that in vitro (immersion in a simulated 
body fluid at 37?C) [26]. In that study, the converted layer in vivo was found to be ?2 
times thicker than the converted layer in vitro. Presumably, a comparable increase in the 
conversion rate of the 45S5c microspheres could be expected in vivo. In general, despite 





environment, it appears unlikely that full conversion could be achieved in vivo for 45S5 
glass–ceramic implants with dimensions similar to or larger than those used in this work.    
 
6  CONCLUSIONS 
The results of the present work provide for the first time, information on the long-
term conversion of 45S5 glass–ceramic microspheres (designated 45S5c) in an aqueous 
phosphate solution. Reaction of 45S5c microspheres (75?150 µm) in a K2HPO4 solution 
at room temperature for 10 years resulted in only partial conversion of the microspheres 
to a hydroxyapatite (HA)-like material. The fractional volume of the 45S5c microspheres 
converted was markedly dependent on the concentration of the K2HPO4 solution, 
increasing from ?25% (0.01 M solution) to ?45% (1.0 M solution). The starting pH of the 
solution (7.0 or 9.5) had little effect on the fraction of the microspheres converted in the 
0.01 M K2HPO4 solution. For both starting pH values, the conversion product of the 45S5 
microspheres immersed in the 0.01 M solution corresponded to a hydroxyapatite (HA)-
like material. In contrast, the conversion product in the 1 M solution corresponded to an 
HA-like material for the starting pH of 9.5 and a calcium pyrophosphate material for the 
starting pH of 7.0. The kinetics of 45S5c conversion to HA at 37–60?C can be fitted by a 
3D diffusion model, with activation energy of ?66 kJ/mol. The model predicts a time of 
?45 years for conversion of the 45S5c microspheres to HA in 1.0 M K2HPO4 solution at 
37?C, indicating that unconverted 45S5 glass ceramic material could remain in the body 
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Table I. EDS data for the Ca/P atomic ratio and Na concentration across the sections of 
45S5c glass–ceramic microspheres (Fig. 3a-d) after reaction at room temperature for 10 
years in K2HPO4 solutions under the conditions shown. The data are given for three 
positions A, B, and C in the surface layer, intermediate layer, and core, respectively, as 
shown in the SEM images. For comparison, the theoretical values for hydroxyapatite 








0.01M;  pH = 7 Surface layer (A) 2.13 0.87 
 Intermediate layer (B) 3.89 2.07 
 Core (C) 5.34 17.69 
1.0 M;  pH = 7 Surface layer (A) 1.33 4.80 
 Intermediate layer (B) 1.51 4.30 
 Core (C) 5.42 15.7 
0.01M;  pH = 9.5 Surface layer (A) 2.46 1.0 
 Intermediate layer (B) 5.35 6.83 
 Core (C) 5.46 16.3 
1.0 M;  pH = 9.5 Surface layer (A) 1.49 0.89 
 Intermediate layer (B) 1.80 0.14 
 Core (C) 5.46 16.3 
- 45S5 glass* 5.4 18.2 
- Hydroxyapatite* 1.67 0 





Table II. Measured concentrations of Na, P, Ca and K and final pH values of K2HPO4 
solutions (0.01 and 1.0 M), with starting pH of 7.0 and 9.5, after reacting 45S5c glass–
ceramic microspheres in each solution for 10 years at room temperature. For comparison, 














Na 23 47 25 43 79 
P 1.5 970 1.5 1010 8.45 
Ca 0.065 1.2 0.075 0.3 43.75 


















Figure 1. XRD patterns of: (a) starting 45S5c glass–ceramic microspheres; for 
comparison, the pattern for 45S5 glass particles without the spheroidization step is also 
shown. (b) 45S5c microspheres after immersion for 10 years at room temperature in 
K2HPO4 solution with a starting pH = 7.0 and concentrations of 0.01 and 1.0 M. (c) 
45S5c microspheres after immersion for 10 years at room temperature in K2HPO4 







Figure 1. XRD patterns of: (a) starting 45S5c glass–ceramic microspheres; for 
comparison, the pattern for 45S5 glass particles without the spheroidization step is also 
shown. (b) 45S5c microspheres after immersion for 10 years at room temperature in 
K2HPO4 solution with a starting pH = 7.0 and concentrations of 0.01 and 1.0 M. (c) 
45S5c microspheres after immersion for 10 years at room temperature in K2HPO4 









Figure 2. FTIR spectra of: (a) starting 45S5c glass–ceramic microspheres; for 
comparison, the spectrum of 45S5 glass particles without the spheroidization step is also 
shown. (b) 45S5c microspheres after immersion for 10 years at room temperature in 
K2HPO4 solution with a starting pH = 7.0 and concentrations of 0.01 and 1.0 M. (c) 
45S5c microspheres after immersion for 10 years in K2HPO4 solution with a starting pH 






Figure 2. FTIR spectra of: (a) starting 45S5c glass–ceramic microspheres; for 
comparison, the spectrum of 45S5 glass particles without the spheroidization step is also 
shown. (b) 45S5c microspheres after immersion for 10 years at room temperature in 
K2HPO4 solution with a starting pH = 7.0 and concentrations of 0.01 and 1.0 M. (c) 
45S5c microspheres after immersion for 10 years in K2HPO4 solution with a starting pH 





    
Figure 3. SEM images of: a the surface. B the polished cross section of as-prepared 











Figure 4. SEM images of the cross sections of 45S5c glass–ceramic microspheres 
immersed for 10 years at room temperature in K2HPO4 solutions with different 
concentrations and starting pH values: (a) 0.01 M; pH = 7.0, (b) 1 M; pH = 7.0, (c) 0.01 
M; pH = 9.5, (d) 1.0 M; pH = 9.5. For comparison, SEM images of the cross sections of 
45S5c microspheres immersed for 4 weeks at 37?C in K2HPO4 solutions (pH = 9.5) are 
shown for concentrations of : (e) 0.01 M, (f) 1.0 M. The letters A, B, and C show the 






Figure 5. Fractional weight loss of 45S5c glass–ceramic microspheres as a function of 








Figure 6. Fraction of 45S5c glass–ceramic microspheres converted to a hydroxyapatite 
(HA)-like material as a function of immersion time in 1.0 M K2HPO4 solution (pH = 9.5) 
at the temperatures shown. The dashed lines show the fit to the data using a three-
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